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1.  INTRODUCTION 

Obesity  substantially  increases  the  risk  of  dying  from  prostate  cancer  (PCa),  with  higher  body-mass 
index  positively  associated  with  more  aggressive  fatal  disease  1,2 .  Given  the  current  obesity  epidemic, 
it  is  urgent  to  explore  possible  interventions  to  disrupt  the  obesity-PCa  link.  Identifying  the  molecular 
mechanisms  governing  obesity-induced  PCa  progression  will  have  a  great  impact  on  our  understanding 
of  this  process,  and  will  help  in  the  design  of  more  targeted  and  efficacious  therapies  in  PCa. 
Collaborative  efforts  between  our  two  laboratories  (Diaz-Meco  and  Moscat)  have  identified  p62  as  a 
novel  player  in  PCa  and  in  obesity-induced  inflammation,  providing  us  with  a  unique  in  vivo  model  to 
study,  at  a  cellular  and  molecular  level,  the  mechanisms  regulating  the  obesity-PCa  interface. 
Understanding  the  role  of  p62  in  the  cellular  and  molecular  pathways  controlling  PCa  progression  in 
obesity  will  generate  high-impact  infonnation  critical  for  the  design  of  new  therapeutic  strategies 
aimed  at  targeting  the  tumor  microenvironment.  Interfering  with  adipocyte-tumor  cell  interactions  to 
disrupt  PCa  progression  could  be  a  much-needed  new  therapeutic  avenue. 

2.  KEYWORDS 

Prostate  cancer;  obesity;  inflammation;  p62;  tumor  microenvironment;  adipocyte;  IL-6;  mouse  models; 
stroma;  mTORCl;  c-Myc 

3.  OVERALL  PROJECT  SUMMARY 

This  annual  report  corresponds  to  the  first  year  of  the  Synergistic  Idea  Development  Awards 
W81XWH- 13- 1-0353  (PI:  Dr.  Diaz-Meco)  and  W81XWH- 13- 1-0354  (Partnering  PI:  Dr.  Moscat). 

The  goal  of  this  synergistic  project  is  to  test  the  hypothesis  that  p62  is  a  molecular  link  that  connects 
obesity,  inflammation,  and  PCa  progression.  This  will  be  addressed  in  three  Specific  Aims: 

Aim  1.  Investigate  the  in  vivo  role  of  p62  in  the  relationship  between  adipose  tissue  and  PCa 
progression. 

Aim  2.  Detennine  the  role  of  p62-mediated  inflammation  in  the  PCa  tumor  microenvironment. 

Aim  3:  Explore  the  role  of  p62  in  the  adipocyte-PCa  cell  interaction  through  cellular  and  mechanistic 
in  vitro  studies. 

The  overall  progress  of  the  project  has  been  highly  satisfactory  and  we  have  completed  successfully  an 
important  part  of  the  proposed  study.  According  to  the  approved  SOW  we  have  performed  the 
following  tasks  corresponding  to  this  period: 

Task  1:  Breeding  of  the  required  mice  for  experiments  (Months  1-16;  Diaz-Meco  &  Moscat) 

Task  1.1.  Diaz-Meco  lab  has  started  the  breeding  of  TRAMP+  mice  with  p62Adipo  mice  provided  by 
Moscat  lab.  Final  crosses  with  the  adequate  genotype  have  been  set  up  for  the  generation  of  the 
required  experimental  mice.  No  major  problems  have  been  encountered  with  the  breeding  of  these 
mice.  Breeding  will  be  continued  to  generate  enough  mice  of  the  correct  genotype  for  Tasks  2-5  and 
necessary  for  Aim  1 . 

Task  1.2.  Moscat  lab  has  already  bred  WT,  p62  KO,  IL-6  KO  and  p62/IL-6  DKO  mice  to  be  used  in 
Task  6  as  part  of  Aim  2. 

Task  2:  Analysis  of  the  PCa  phenotype  of  TRAMP+/p62Adipo  and  TRAMP 1  mice  (Months  4-16;  Diaz- 
Meco) 

Task  2.1.  Disease-free  survival  curves  (Kaplan-Meier  plots)  are  underway  and  will  be  completed  in 
the  next  year  period  of  the  project. 
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Task  2.2.  Analysis  of  PCa  progression  in  TRAMP+/p62Adipo  and  TRAMP1  mice:  Diaz-Meco  lab  has 
started  the  characterization  of  the  phenotype  of  TRAMP+/p62Adipo.  Although  not  enough  mice  of  the 
correct  genotype  and  adequate  age  are  yet  available  to  complete  our  analysis,  our  preliminary  data  are 
very  promising.  Interestingly,  we  have  found  that  TRAMP+/p62Adipo  mice  developed  a  more  aggressive 
phenotype  with  higher  incidence  of  metastasis  in  liver,  lung  and  kidney  as  compared  to  TRAMP +  mice 
controls  (Fig.  1).  Four  littermates  TRAMP  and  TRAMP+/p62Adipo  mice  of  36  wks  of  age  were 
analyzed.  Genotype  was  confirmed  by  PCR  and  by  western-blot  for  p62  in  the  different  tissues.  p62 
was  selectively  deleted  in  WAT  of  TRAMP+/p62A  ipo  and  not  in  other  tissues  such  as  prostate  or  liver 
(Fig.  1A).  Consistent  with  our  preliminary  data  of  p62Adipo  mice,  TRAMP+/p62Adipo  mice  also 
displayed  a  higher  body  weight  than  age-matched  TRAMP 1  littermate  controls  (Fig.  IB).  Of  note,  we 
found  metastasis  in  liver,  lung  and  kidney  in  TRAMP+/p62Adipo  mice  whereas  no  metastasis  was 
detected  in  TRAMP+  littermate  controls  (Fig.  1C- 
D).  Characterization  by  immunostaining  of  liver 
metastasis  confirmed  their  neuroendocrine  origin 
with  a  positive  staining  for  synaptophysin  and 
negative  for  androgen  receptor  (Fig.  IE).  These 
results  suggest  that  the  loss  of  p62  selectively  in  the 
adipose  tissue  drives  tumorigenesis  and 

invasiveness  in  PCa.  This  is  consistent  with  the 
epidemiological  data  indicating  that  obesity 

increases  the  risk  of  dying  from  PCa1'2  and  offers  a 
molecular  link  to  start  dissecting  the  mechanism 
connecting  adipocytes  and  PCa  progression. 

Task  3:  Analysis  of  the  general  metabolic 
characterization  of  TRAMP+/p62Adipo  and 

TRAMP+  mice  (Months  4-16;  Moscat).  A  cohort 

of  6  mice  of  each  genotype  has  been  generated  and 
genotype  has  been  confirmed.  These  mice  will  be 
analyzed  for  metabolic  studies  (CLAMS  and  DXA) 
in  February  2014,  when  they  reach  the  adequate  age 
for  analysis.  Based  on  our  preliminary  data  in  Task 
2,  we  will  perform  metabolic  analysis  at  9  month  of 
age  instead  of  10  months  of  age,  as  initially  planned 
due  to  limited  survival  of  the  TRAMP+/p62Adipo 
mice. 

Task  6.  In  vivo  characterization  of  inflammation  in 
PCa  tumors,  and  adipose  tissue  (Months  23-30; 

Diaz-Meco  &  Moscat). 

Although  this  task  was  planned  to  be  performed 
during  the  3ld  year  of  the  project,  we  decided  to  start 
tackling  this  part  of  the  study  while  we  wait  for 
more  TRAMP+/p62Adipo  mice  to  be  available  for 
analysis.  Since  Moscat  lab  generated  in  Task  1.2 
enough  WT,  p62  KO  and  p62/IL-6  DKO  mice,  we 
decided  to  perform  the  experiments  described  in 
Tasks  6. 2-6. 7  to  address  the  role  of  p62-mediated 


Figure  1.  p62-deiiciency  in  the  adipose  tissue  promotes 
metastasis  (A)  Immunoblots  for  p62  and  actin  of  total 
protein  extracts  from  BAT,  prostate  and  liver  from 
TRAMP+  and  TRAMP+/p62Adipo  mice.  (B)  Graph  showing 
body  weight  of  TRAMP+  and  TRAMP+/p62Adlpo  mice.  (C) 
Representative  pictures  of  liver  from  TRAMP*  and 
TRAMP+/p62Adip0  mice  at  36  weeks  of  age.  (D) 
Representative  pictures  of  H&E  staining  of  liver,  lung  and 
kidney  metastases  from  TRAMP+/p62Adlpo  mice.  (E)  H&E 
and  immunostaining  of  synaptophysin  and  androgen 
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inflammation  in  the  PCa  tumor  microenvironment  (Aim  2).  Tasks  6.2  to  6.6  have  been  completed  and 
we  have  set  up  all  the  conditions  and  generated  preliminary  data  for  Task  6.7. 

Tasks  6.2-6.6  (Aim  2.2).  Detennine  the  role  of  IL-6  in  PCa  in  vivo.  (Diaz-Meco  &  Moscat).  These 
tasks  have  been  completed.  Here  we  have  tested  the  hypothesis  that  p62-deficiency-induced  obesity 
promotes  carcinogenesis  through  increased  adipose  tissue  and  systemic  inflammation,  resulting  in 
enhanced  IL-6  production.  To  address  the  in  vivo  role  of  IL-6  in  the  p62-deficient  tumor 
microenvironment,  we  have  perfonned  orthotopic  injections  of  PCa  cells  into  the  prostates  of  WT,  p62 


Figure  1.  IL-6  is  required  for  p62’s  role  in  the  tumor  microenvironment.  (A)  Orthotopic  injection  of  TRAMP-C2Re3 
cells  into  the  prostates  of  syngeneic  WT  and  p62  KO  mice.  Orthotopic  tumors  were  allowed  to  grow  for  two  months.  (B) 
Body  weight.  (C)  GU  tract  weight.  (D)  Pictures  of  representative  orthotopic  tumors  .  n  =  5  or  6  mice  per  genotype. 


KO  and  p62/IL-6  DKO  mice  (Fig  2A)  and  body  weight  (Fig. 

2B)  and  genitourinary  weight  (Fig.  2C)  was  determined. 

Consistent  with  our  preliminary  data  presented  in  the  Project 
Narrative,  orthotopic  tumors  grew  faster  in  the  prostates  of 
p62  KO  mice  as  compared  with  WT  controls,  and 
importantly,  tumor  growth  was  completely  abolished  when 
the  injections  were  performed  in  the  p62/IL6  DKO  prostates, 
indicating  that  IL-6  is  required  in  vivo  for  the  role  of  p62  in 
the  tumor  microenvironment  (Fig.  2D).  Due  to  limitation  in 
material  since  the  p62/IL6  DKO  tumors  were  very  small,  the 
staining  was  only  performed  in  WT  and  p62  KO  tumors  and 
the  DKO  tumors  were  reserved  for  RNA  analysis.  H&E  staining  of  the  ortho  topic  tumors  grown  in  p62 
KO  mice  showed  infiltration  of  periprostatic  adipocytes  into  the  tumor  whereas  in  the  WT  tumors  the 
adipocytes  were  restricted  to  the  periphery  (Fig  3).  In  addition,  p62  KO  tumors  have  a  higher 
proliferation  rate  as  measured  by  Ki67  staining  (Fig.  4A  and  4C).  No  changes  were  observed  in 
apoptosis  as  detected  by  staining  with  cleaved  Caspase-3  (Fig.  4B  and  4D). 

To  address  which  is  the  cellular  compartment  responsible  for  p62  actions  in  the  tumor 
microenvironment,  we  used  an  in  vitro  3D  organotypic  system.  This  3D  model  allows  us  to 
recapitulate  in  an  in  vitro  amenable  system  the  tumor  microenvironment  and  its  interactions  with  the 
tumor  cell,  closely  mimicking  the  physiological  situation  3.  Using  this  system,  we  initially  tested 
whether  fibroblasts  and/or  macrophages  play  a  role  in  mediating  p62  function  in  the  tumor 
microenvironment.  To  do  that,  we  combined  PCa  cells  with  fibroblasts,  or  macrophages  obtained  from 
mice  of  the  different  genotypes.  After  cultures,  gel  were  fixed  and  processed  for  H&E  staining  and 
invasion  was  quantified.  Of  note,  fibroblasts  were  able  to  recapitulate  the  p62  KO  phenotype  in  the 
tumor  microenvironment,  whereas  macrophages  had  no  effect.  Importantly,  this  effect  was  also 
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Figure  3.  Infiltration  of  adipocytes  in 
orthotopic  tumors  of  p62  KO.  H&E 

staining  of  orthotopic  tumors  from  WT  and 
p62  KO  mice.  Scale  bar  =  200  mm. 


3 


completely  reverted  in  p62/IL6 
DKO  (See  Appendix,  Fig.  3 
and  S3).  This  reinforces  the 
notion  that  IL6  is  critical  to 
mediate  p62  actions  in  the 
prostate  tumor  micro¬ 
environment.  However,  since 
p62  KO  mice  are  obese  and 
display  higher  fat  content  and 
orthotopic  tumors  from  p62  KO 
had  infiltrated  adipocytes  (Fig. 
3),  we  will  also  test  the 
potential  role  of  adipocytes  in 
this  system.  This  will  be 
address  in  Task  7  in  next 
period. 


Figure  4.  Increased  proliferation  in  p62  KO  orthotopic  tumors.  (A-B) 

Immunostaining  of  Ki67  (A)  and  cleaved  caspase  3  (B)  in  orthotopic  tumors 
of  WT  and  p62  KO  mice.  (C-D)  Quantification  of  Ki67-positive  cells  (C) 
and  caspase3  positive  cells  (D).  Results  are  the  means  ±  SEM  of  counts  from 


Notably,  the  results  from  these  Tasks  have  been  recently  published  in  the  top-notch  journal 
Cancer  Cell  4(see  Appendix)  as  part  of  a  study  on  the  novel  role  of  p62  as  a  tumor  suppressor  in  the 
tumor  microenvironment  in  PCa.  In  this  study,  we  showed  that  p62  levels  were  downregulated  in 
stromal  cells  of  primary  human  prostate  tumors,  and  that  decreased  p62  expression  was  correlated  with 
progression  to  aggressive  tumors.  The  loss  of  p62  allowed  for  enhanced  tumor  growth  and  induced  an 
activated,  cancer-associated  fibroblast-like  phenotype  in  the  tumor  stroma,  characterized  by 
upregulation  of  TGF[1  and  IL6.  This  inflammatory  phenotype  in  p62-deficient  stroma  promoted  a 
metabolic  deregulation  mediated  by  inhibition  of  mTOR  complex  1  (mTORCl)  and  subsequent 
repression  of  c-Myc.  These  results  demonstrate  a  critical  role  for  stromal  p62  as  a  tumor  suppressor 
and  support  targeted  inhibition  of  the  tumor  microenvironment  as  a  therapeutic  approach  to  limit  tumor 
progression.  Importantly,  we  also  showed  that  mTORCl  and  c-Myc,  like  p62,  although  they  are 
oncogenes  upregulated  in  PCa  epithelial  cells,  they  behave  as  a  tumor  suppressor  in  the  stroma.  This 
has  important  implications  from  a  therapeutic  point  of  view  because  inhibition  of  p62  and/or  mTORCl 
may  result  in  opposite  effects  in  the  stroma  and  the  epithelium  of  the  tumor,  thus  reducing  the  efficacy 
of  broadly  applied  mTORCl-based  chemotherapeutic  approaches. 


Tasks  6.7.  (Aim  2.3)  Determine  the  role  of  adipose-stem  cells  (ASC).  Since  fibroblasts  and  adipocytes 
have  the  same  cell  of  origin  5,  it  would  be  of  great  interest  to  further  investigate  whether  p62  regulates 
mesenchymal  stem  cells  in  PCa.  To  start  addressing  this  question,  we  have  first  detennined  the  adipose 
stem  cell  population  in  adipose  tissue  of  TRAMP+/p62Adipo  and  TRAMP+  mice  and  of  WT  and  p62 
KO.  A  schematic  description  of  the  method  of  isolation  of  ASCs  is  described  in  Fig.  5A.  Briefly, 
adipose  tissue  was  excised  and  the  SVF  isolated  as  described  6.  The  isolated  SVF  was  resuspended  in 
ice-cold  Dulbecco's  modified  Eagle's  medium  (DMEM)  with  2%  fetal  bovine  serum  (FBS)  for 
labeling.  Antibody  incubations  were  perfonned  on  ice  for  20  min.  Cells  were  washed  and  resuspended 
in  Hank's  balanced  salt  solution  (HBSS)  with  DAPI  for  sorting.  For  sorting,  cells  were  initially 
selected  by  size,  on  the  basis  of  forward  scatter  (FSC)  and  side  scatter  (SSC),  followed  by  exclusion  of 
dead  cells  on  the  basis  of  uptake  of  DAPI.  Then,  live  cells  were  gated  on  both  SSC  and  FSC  singlets, 
ensuring  that  the  staining  of  individual  cells  was  analyzed.  Next,  the  cells  were  separated  on  the  basis 
of  the  cell-surface  markers  indicated.  p62  deficiency  in  ASCs  was  confirmed  by  qRT-PCR  of  p62 
levels  in  ASCs  isolated  from  mice  of  the  different  genotypes  (Fig.  5B).  Of  note,  we  found  that  adipose 
tissue  from  both  TRAMP+/p62Adipo  or  p62  KO  had  more  ASCs  than  their  corresponding  controls 
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(Fig.  5C-D).  This  is  a  very  interesting  result  that  suggests  that  there  is  in  fact  an  expansion  of  the  ASC 
population  as  a  consequence  of  p62-deficiency.  Therefore,  we  will  next  investigate  during  the  next 
period  whether  these  ASCs  are  more  infiltrated  in  the  orthotopic  tumors. 
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Figure  5.  (A)  Schematic  representation  of  FACS-purification  of  adipose-derived  stem  cells  from  white  adipose  tissue 
of  the  indicated  genotypes.  (B)  RT-PCR  of  p62  from  adipose-derived  stem  cells  of  TRAMP1  and  TRAMP+/p62Adlpo 
mice.  (C)  Histograms  and  dot-plots  showing  FACS  staining  profiles  and  gating  of  adipose  stem  cells  from  TRAMP1 
and  TRAMP+/p62Adlpo  mice.  The  live  cells  were  sorted  for  CD31negCD45neg  (histograms  in  the  left).  These  cells  were 
then  sorted  on  the  basis  of  expression  of  CD34  and  seal  (dot  plots  in  the  right).  The  percentage  yield  of 
CD31negCD45negCD34p0Sscalp0b  cells  (adipose-derived  stem  cells)  for  each  genotype  is  indicated.  (D)  Quantification  of 
adipose-derived  stem  cells  from  WT  and  p62KO  mice  isolated  as  described  above.  *£><0.05,  ***£><0.001. 
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4.  KEY  RESEARCH  ACCOMPLISHMENTS 


•  Identification  of  p62  as  a  novel  tumor  suppressor  in  the  stroma  in  PCa. 

•  Demonstration  that  p62-mediated  inflammation  in  the  stroma  is  key  for  prostate  tumorigenesis. 

•  Identification  of  the  inflammatory  cytokine  IL-6  as  a  major  player  in  mediating  p62  actions  in  the 
tumor  stroma. 

•  Characterization  of  a  molecular  network  linking  p62  to  mTORCl  and  c-Myc  operating  in  the 
stroma  to  influence  tumorigenesis  in  the  prostate  epithelium. 

•  Identification  of  c-Myc  as  a  novel  tumor  suppressor  in  the  stroma  in  PCa,  opposite  to  its  role  as  an 
oncogene  in  the  epithelium. 

•  The  use  of  mTORCl  inhibitors  in  PCa  could  have  deleterious  effect  through  its  role  in  the  stroma. 

•  The  identification  of  the  mechanisms  that  reduce  p62  levels  in  the  stroma  could  constitute  a  novel 
strategy  to  intervene  in  PCa. 

•  p62  deficiency  in  the  adipose  tissue  expands  the  adipose-stem  cell  population. 

•  p62  selective  deficiency  in  the  adipose  tissue  promotes  a  more  aggressive  PCa  phenotype, 
providing  a  link  between  obesity  and  adiposity  and  PCa  progression. 

5.  CONCLUSION 

The  results  generated  during  this  year  have  allowed  us  to  demonstrate  that  p62  is  a  novel  tumor 
suppressor  in  the  prostate  tumor  stroma.  We  have  unveiled  its  mechanism  of  action  through  metabolic 
reprograming  that  is  initiated  by  an  inflammatory  response.  We  have  identified  IL-6  as  a  key 
inflammatory  mediator  for  p62  actions  in  the  stroma.  Furthermore,  we  have  initiated  the  generation  of 
a  new  mouse  model  to  study  the  link  of  obesity  and  PCa  by  selective  deletion  of  p62  in  the  adipose 
tissue  and  in  the  context  of  the  TRAMP  model.  Our  preliminary  data  are  very  promising  and  suggest 
that  p62  deficiency  in  the  adipose  tissue  promotes  a  more  aggressive  phenotype.  In  the  next  period  we 
will  study  the  metabolic  mechanism,  at  whole  body  level  as  well  as  a  cellular  level,  that  underlies  this 
phenotype.  Our  goal  is  to  identity  potential  new  targets  to  disrupt  the  obesity-PCa  link. 

6.  PUBLICATIONS,  ABSTRACTS,  AND  PRESENTATIONS 

Publications: 


V  Peer-Reviewed  Scientific  Journals: 

Valencia,  T.,  Kim,  J.Y.,  Abu-Baker,  S.,  Moscat-Pardos,  J.,  Ahn,  C.S.,  Reina-Campos,  M.,  Duran,  A., 
Castilla,  E.A.,  Metallo,  C.M.,  Diaz-Meco,  M.T.*,  and  Moscat,  J*.  (2014)  Metabolic  reprogramming  of 
stromal  fibroblasts  through  p62-mTORCl  signaling  promotes  inflammation  and  tumorigenesis. 
Cancer  Cell  26,  121-135  (*equal  contribution  and  corresponding  author) 

This  publication  has  been  highlighted  in  the  following  scientific  articles: 
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•  Ubaldo  E.  Martinez-Outschoorn,  Federica  Sotgia,  Michael  P.  Lisanti.  (2014).  Metabolic 
Asymmetry  in  Cancer:  A  “Balancing  Act”  that  Promotes  Tumor  Growth.  Cancer  Cell,  Volume 
26,  Issue  1,  14  July  2014,  5-7 

•  Research  Watch:  Tumor  Microenvironment:  p62  loss  reprograms  stromal  metabolism  to 
promote  tumor  growth.  (2014)  Cancer  Discovery  Published  Online  First  July  17,  2014; 
doi:  1 0. 1 1 58/2 1 59-8290.CD-RW20 14- 1 52 

•  Alderton,  G.K.  (2014).  Stromal  metabolism  has  paracrine  effects.  Nature  Reviews  Cancer, 
Research  Highlight.  14,  515. 

V  Fay  press: 

Our  publication  in  Cancer  Cell  has  been  reviewed  in  several  lay  articles: 

Newswise  -  Fa  Jolla,  CA,  July  3,  2014.  “New  study  reveals  how  tumors  remodel  their  surroundings  to 
grow” 

EurekAlert.  AAAS,  July  3,  2014.  “New  study  reveals  how  tumors  remodel  their  surroundings  to  grow” 
Science  Daily.  July  3,  2014.  “How  tumors  remodel  their  surroundings  to  grow”. 

Abstracts  and  presentations: 

“Nutrient  sensing  and  Cancer  Metabolism  by  the  p62  autophagy  pathway”  University  of  Pennsylvania, 
Philadelphia,  2014.  Speaker  (Moscat). 

“New  role  of  metabolic  reprograming  in  stroma-induced  tumorigenesis”  Centre  for  Genome 
Regulation,  Barcelona,  Spain,  2014.  Speaker  (Moscat). 

“Metabolic  Reprogramming  by  the  p62  Pathway  in  Cancer”  in  the  “2014  ASIP  Annual  Meeting  at 
Experimental  Biology  2014”  (San  Diego,  2014).  Speaker  (Moscat). 

“mTORCl  activation  by  p62”  in  the  SBMRI  Workshop  on  “Cancer  Metabolism,  autophagy  and 
nutrient  sensing”  (Fa  Jolla,  USA,  2014).  Speaker  and  co-organizer  (Moscat) 

“Metabolic  reprograming  by  the  mTORCl/p62  complex  in  the  tumor  stroma”  in  the  SBMRI 
Workshop  on  “Cancer  Metabolism,  autophagy  and  nutrient  sensing”  (Fa  Jolla,  USA,  2014).  Speaker 
and  co-organizer  (Diaz-Meco) 

“Metabolic  reprogramming  in  the  stroma  promotes  inflammation  and  tumorigenesis”.  CDSN  /  MDP 
Metabolism  Retreat.  (Carlsbad,  USA,  2014).  Speaker  (Diaz-Meco) 

7.  INVENTIONS,  PATENTS  AND  LICENSES 

Nothing  to  report. 

8.  REPORTABLE  OUTCOMES 

•  New  mouse  model  to  study  the  link  of  obesity  and  prostate  cancer. 

•  New  3D  organotypic  model  to  provide  a  physiological  and  amenable  system  to  study  the  biology 
and  the  relationships  of  the  different  cell  types  in  the  tumor  microenvironment. 
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•  A  manuscript  in  Cancer  Cell  co-authored  by  both  laboratories  (Moscat  and  Diaz-Meco)  as  an 
example  of  the  synergy  created  with  this  award  (see  above  in  Publications) 

9.  OTHER  ACHIEVEMENTS 

Nothing  to  report. 
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SUMMARY 

The  tumor  microenvironment  plays  a  critical  role  in  cancer  progression,  but  the  precise  mechanisms  by  which 
stromal  cells  influence  the  epithelium  are  poorly  understood.  Here  we  show  that  p62  levels  were  reduced  in 
the  stroma  of  several  tumors  and  that  its  loss  in  the  tumor  microenvironment  or  stromal  fibroblasts  resulted  in 
increased  tumorigenesis  of  epithelial  prostate  cancer  cells.  The  mechanism  involves  the  regulation  of  cellular 
redox  through  an  mTORCI/c-Myc  pathway  of  stromal  glucose  and  amino  acid  metabolism,  resulting  in 
increased  stromal  IL-6  production,  which  is  required  for  tumor  promotion  in  the  epithelial  compartment. 
Thus,  p62  is  an  anti-inflammatory  tumor  suppressor  that  acts  through  the  modulation  of  metabolism  in  the 
tumor  stroma. 


INTRODUCTION 

Primary  tumors  are  initiated  as  a  result  of  the  stepwise  acquisi¬ 
tion  of  genetic  alterations  within  the  epithelial  compartment 
(Shen  and  Abate-Shen,  2010).  However,  increasing  evidence 
supports  the  notion  that  the  tumor  microenvironment  also  plays 
a  critical  role  in  cancer  progression  in  many  types  of  neopla¬ 
sias,  including  prostate  cancer  (PCa),  although  relatively  little  is 
known  about  the  signaling  pathways  that  mediate  communica¬ 
tion  between  the  stromal  and  epithelial  compartments  (Ammir- 
ante  et  al.,  2010;  Erez  et  al.,  2010;  Santos  et  al.,  2009;  Trimboli 
et  al.,  2009).  Inflammation  and  metabolism  are  two  critical  fac¬ 
tors  contributing  to  the  protumorigenic  properties  of  the  stroma 
(DeBerardinis  and  Thompson,  2012;  Grivennikov  et  al.,  2010; 
Hanahan  and  Coussens,  2012;  Metallo  and  Vander  Heiden, 
2013;  Vander  Heiden,  2013).  Although  not  totally  understood, 


some  evidence  suggests  that  the  metabolic  state  of  the  tumor 
stroma  can  decisively  influence  the  tumorigenic  potential  of 
the  tumor  epithelial  compartment  (Lisanti  et  al.,  2013).  Here 
we  have  addressed  this  fundamental  biological  question  in  the 
context  of  p62  deficiency  in  the  nonepithelial  tumor  compart¬ 
ment.  Our  laboratory  initially  identified  p62,  also  known  as 
sequestosome-1 ,  as  a  scaffold  protein  for  the  atypical  protein 
kinase  C  isozymes  and  later  implicated  p62  in  other  cell  stress 
responses  (Diaz-Meco  and  Moscat,  2012;  Moscat  and  Diaz- 
Meco,  2012;  Moscat  et  al.,  2007;  Sanchez  et  al.,  1998).  p62 
binds  Raptor,  a  key  component  of  the  mTOR-orchestrated 
nutrient-sensing  complex  and  an  important  activator  of  anabolic 
pathways  that  are  instrumental  in  metabolic  reprogramming 
during  cell  transformation  (Duran  et  al.,  2011;  Moscat  and 
Diaz-Meco,  2011).  Nonetheless,  nothing  is  known  about  the 
signaling  cascades  that  p62  regulates  in  stromal  cells  or  to 


Significance 

Inappropriate  activation  of  the  stroma  as  a  consequence  of  the  tumorigenic  process  can  potentiate  the  growth  and  transfor¬ 
mation  of  epithelial  tumor  cells,  thus  facilitating  the  progression  of  cancers  toward  more  malignant  stages.  Using  prostate 
cancer  as  a  model  system,  we  show  that  the  loss  of  the  signaling  adaptor  p62  in  stromal  cells  triggers  an  inflammatory 
response  that  leads  to  activation  of  cancer-associated  fibroblasts  that  enhances  tumorigenesis  in  vitro  and  in  vivo.  Defi¬ 
ciency  in  p62  results  in  reduced  mTORCI  activity  and  deregulation  of  metabolic  pathways  controlling  inflammation.  Because 
the  stroma  is  increasingly  recognized  as  a  potential  source  of  therapeutic  targets,  this  study  suggests  that  targeting  stromal 
metabolic  reprogramming  can  decisively  influence  the  tumorigenic  potential  of  the  tumor  epithelial  compartment. 
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Figure  1.  p62  Levels  Are  Reduced  in  the  Stroma  of  Human  Prostate  Tumors 

(A)  Representative  examples  of  p62  staining  of  normal  and  primary  prostate  cancer  (tumor)  samples.  The  scale  bars  represent  25  |.im. 

(B)  Quantification  of  p62  staining  in  the  stroma  of  primary  PCa  tumors  compared  with  normal;  n  =  22  (normal),  n  =  202  (PCa).  Fisher's  exact  test,  p  <  0.01 . 

(C)  p62  levels  are  reduced  upon  PCa  progression;  n  =  22  (normal),  n  -  70  (GS  2-6),  n  =  1 32  (GS  7-1 0).  Chi-square  test,  p  <  0.01 . 

(D)  p62  mRNA  levels  in  stroma  of  human  cancer  samples.  Data  were  collected  from  public  data  sets  of  gene  expression  in  the  tumor  stroma  of  several  human 
cancers:  GSE34312  (prostate  cancer),  GSE9014  (breast  cancer),  and  GSE35602  (colon  cancer). 

(E)  FACS-sorted  adult  murine  prostate  cell  lineages.  Prostate  basal,  luminal,  and  stromal  cells  are  Lin  Sca-1  +CD49fHl,  Lin  Sca-1  CD49fLow,  and  LirTSca- 
1+CD49f  ,  respectively. 

(F)  RT-PCR  of  specific  markers  for  each  prostate  cell  population  (n  =  3):  p63  (basal),  Nkx3.1  (luminal),  and  vimentin  (stromal). 

(G)  RT-PCR  for  p62  in  prostate  cell  populations  (n  =  3). 

*p  <  0.05,  **p  <  0.01,  ***p  <  0.001.  Results  are  presented  as  mean  ±  SEM.  See  also  Figure  SI. 


what  extent  these  pathways  influence  the  epithelial-stromal 
interaction  in  the  tumor  microenvironment.  Cancer-associated 
fibroblasts  (CAFs)  have  been  proposed  to  be  key  mediators  of 
the  crosstalk  between  malignant  tumor  cells  and  their  microen¬ 
vironment  (Barron  and  Rowley,  2012;  Franco  and  Hayward, 
2012).  CAFs  and  the  complex  set  of  signaling  molecules  they 
secrete  generate  an  environment  conducive  to  inflammation, 
and  this  in  turn  maintains  the  protumorigenic  status  of  the  stro¬ 
mal  cells.  Among  these  proteins,  interleukin-1  p  (IL-ip),  inter- 
leukin-8,  and  interleukin-6  (IL-6)  have  been  implicated  as  part 
of  the  proinflammatory  signature  of  the  PCa  stroma  (Erez  et  al., 
2010;  Franco  and  Hayward,  2012;  Schauer  et  al.,  2008).  Further¬ 
more,  IL-6  has  received  increasing  attention  as  a  key  proinflam¬ 
matory  and  protumorigenic  molecule  in  many  types  of  cancer, 
including  PCa  (Azevedo  et  al.,  2011;  De  Marzo  et  al.,  2007; 
Guo  et  al.,  2012;  Schafer  and  Brugge,  2007).  Here  we  address 
the  role  of  p62  in  the  stroma  in  the  control  of  the  inflammatory 
environment  in  PCa. 

RESULTS 

p62  Expression  Levels  in  the  Tumor  Microenvironment 

The  initial  evidence  suggesting  that  p62  plays  a  role  in  the  regu¬ 
lation  of  the  tumor  microenvironment  in  PCa  came  from  the  his¬ 


tological  analysis  of  a  tissue  panel  comprising  202  primary 
human  PCa  tumors,  8  metastases,  and  22  adjacent  normal 
prostate  tissue  samples.  This  study  revealed  that  p62  was  ex¬ 
pressed  in  the  prostate  epithelium  and  also  in  the  stroma  (Fig¬ 
ure  1A).  p62  protein  levels  were  downregulated  in  the  stroma 
of  human  primary  PCa  tumors  compared  with  the  stroma  of 
normal  samples  (Figures  1 A  and  1 B).  Furthermore,  when  the  tu¬ 
mor  samples  were  grouped  on  the  basis  of  low  Gleason  score 
(GS)  (2-6)  or  high  GS  (7-1 0),  p62  levels  in  the  stroma  were  signif¬ 
icantly  reduced  upon  progression  to  the  most  aggressive  stage 
(Figure  1C).  p62  was  also  overexpressed  in  the  epithelial 
compartment  of  the  PCa  human  samples  (Figure  1A;  Figures 
SI  A  and  SIB  available  online).  This  is  consistent  with  previous 
observations  suggesting  that  p62  is  upregulated  in  many  can¬ 
cers,  including  lung  cancer  (Duran  et  al.,  2008;  Inoue  et  al., 
2012),  liver  cancer  (Inami  et  al.,  2011),  glioblastoma  (Galavotti 
et  al.,  2013),  breast  cancer  (Rolland  et  al.,  2007;  Thompson 
et  al.,  2003),  and  kidney  cancer  (Li  et  al.,  2013).  However, 
because  those  studies  did  not  report  on  expression  in  the  stro¬ 
mal  component,  it  is  not  clear  whether  p62  was  downregulated 
in  the  stroma  in  those  samples,  as  we  have  shown  in  the  samples 
analyzed  here.  Moreover,  bioinformatics  analysis  of  public  data 
sets  of  stromal  gene  expression  also  demonstrated  that  p62 
was  significantly  downregulated  in  the  tumor  stroma,  compared 
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with  normal  stroma,  in  several  types  of  cancers,  including  pros¬ 
tate,  breast,  and  colon  cancers  (Figure  1 D).  In  addition,  fluores¬ 
cence-activated  cell  sorting  (FACS)  analysis  of  adult  mouse 
prostates  showed  that  p62  is  more  highly  expressed  in  cells  of 
the  stroma  than  in  those  of  basal  or  luminal  lineages  (Figures 
1E-1G).  Quantitative  RT-PCR  analyses  of  the  sorted  prostate 
cell  populations  showed  that  transcripts  for  the  basal  marker 
p63,  the  luminal  cell  marker  Nkx3.1,  and  the  stroma  marker 
vimentin  were  enriched  in  their  corresponding  cell  populations, 
demonstrating  successful  cell  fractionation  (Figures  IE  and 
IF).  Of  note,  p62  expression  was  highly  enriched  in  the  stromal 
compartment  compared  with  the  other  two  cell  populations  (Fig¬ 
ure  1 G).  These  results  suggest  that  p62  could  exert  its  effect  as  a 
tumor  suppressor  in  the  tumor  microenvironment,  likely  in  the 
stroma. 

p62  Is  a  Suppressor  of  Inflammation  and  the  CAF 
Phenotype  in  the  Tumor  Microenvironment 

To  test  whether  p62  deficiency  in  the  tumor  microenvironment 
is  relevant  to  the  transforming  properties  of  epithelial  cells,  we 
performed  orthotopic  injections  of  syngeneic  murine  PCa  cells 
(TRAMP-C2Re3)  (Olson  et  al.,  2006)  into  the  prostates  of  wild- 
type  (WT)  and  p62  knockout  (KO)  mice  and  then  assessed  tumor 
growth.  The  resulting  tumors  were  bigger  in  the  prostates  of  p62 
KO  mice  than  in  those  of  WT  mice  (Figures  2A-2C),  supporting 
the  notion  that  a  loss  of  p62  in  the  tumor  microenvironment  pro¬ 
motes  PCa  growth.  We  next  carried  out  transcriptomic  profiling 
of  the  orthotopic  tumors  in  the  WT  and  p62  KO  mice.  NextBio 
analysis  revealed  important  correlations  between  genes  upregu- 
lated  in  the  p62  KO  orthotopic  tumors  with  a  gene  signature 
in  the  category  of  “response  to  wounding”  (Figure  S2A).  In 
addition,  gene  set  enrichment  analysis  (GSEA)  also  identified 
“response  to  wounding”  as  significantly  enriched  of  the  gene 
ontology  (GO)  biological-process  categories  (Figure  2D;  Figures 
S2B  and  S2C)  and  “stromal  stimulation”  in  the  C2  curated  gene 
set  library  (Figures  S2D  and  S2E).  Because  CAFs  acquire  an 
“activated  phenotype”  during  tumor  progression  that  resembles 
that  of  fibroblasts  during  the  wound-healing  repair  process, 
these  results  suggested  that  the  p62  KO  stroma  is  likewise  acti¬ 
vated  (Barron  and  Rowley,  2012;  Bissell  and  Radisky,  2001; 
Franco  and  Flayward,  2012;  Schafer  and  Werner,  2008)  and 
has  a  more  CAF-like  phenotype  than  the  WT  stroma.  In  support 
of  this  notion,  we  observed  an  increase  in  the  expression  of  a 
smooth  muscle  actin  (a-SMA)  in  sections  from  orthotopic  tumors 
in  p62  KO  mice  compared  to  WT  controls  (Figure  2E),  as  well  as 
an  increase  in  transforming  growth  factor  (3  (TGF-p)  transcripts 
as  determined  by  RT-PCR  in  the  same  samples  (Figure  2F). 
TGF-p  and  a-SMA  are  two  bona  fide  markers  of  the  CAF  pheno¬ 
type  (Barron  and  Rowley,  2012;  Franco  and  Flayward,  2012). 
Consistent  with  this,  Ingenuity  Pathway  Analysis  identified 
TGF-pi  as  a  predicted  upstream  regulator  in  the  p62  KO  ortho¬ 
topic  tumors  (p  =  1.47  x  1CT7,  activation  Z  score  =  3.890).  To 
determine  the  potential  cell-autonomous  effect  of  p62  in  this 
important  function,  we  used  FACS  to  isolate  prostate  stromal 
cells  from  mice  of  both  genotypes,  as  described  in  Figures  1 E 
and  IF.  Interestingly,  we  found  that  p62-deficient  stromal 
cells  also  showed  characteristics  of  CAFs,  as  determined  by 
increased  expression  levels  of  a-SMA,  TGF-p,  and  vimentin  (Fig¬ 
ure  2G).  To  facilitate  subsequent  studies,  we  generated  prostate 


fibroblasts  from  WT  and  p62  KO  mice  and  determined  their 
“CAF  activation”  state.  In  these  cells,  the  loss  of  p62  resulted 
in  increased  CAF  transcript  markers  (Figure  2H),  as  well  as  in 
the  secretion  of  TGF-p,  as  determined  by  ELISA  (Figure  21). 
This  is  important  because  TGF-p  is  essential  for  the  acquisition 
and  maintenance  of  the  CAF/myofibroblast  phenotype  (Kojima 
et  al.,  2010;  Ostman  and  Augsten,  2009).  Therefore,  p62  loss 
modifies  the  stroma  by  inducing  a  CAF  phenotype,  which  in 
turn  drives  tumor  progression. 

Further  bioinformatics  GSEA  revealed  a  hyperinflammatory 
phenotype  in  the  p62  KO  orthotopic  tumors.  That  is,  we  found 
“humoral  immune  response”  and  “inflammatory  response"  as 
second  GO  categories  enriched  in  the  p62  KO  transcriptome 
profile  (Figure  2J;  Figures  S2F  and  S2G).  RT-PCR  analysis  of 
the  tumors  from  p62  KO  mice  showed  increases  in  the  tran¬ 
scripts  of  inflammatory  cytokines  such  as  IL-6,  IL-1  p,  and  kera- 
tinocyte  chemoattractant  (Figure  2K),  as  well  as  in  the  secretion 
of  IL-6  as  determined  by  ELISA  (Figure  2L).  We  hypothesized  that 
IL-6  could  be  an  important  mediator  of  the  stromal  p62-depen- 
dent  signals  that  influence  PCa  progression  in  the  epithelium. 
To  test  this  possibility,  we  carried  out  an  orthotopic  injection 
experiment  using  p62/IL-6  double-KO  (DKO)  mice  as  hosts. 
Notably,  the  increased  tumor  growth  observed  in  p62  KO  mice 
was  completely  reversed  in  the  DKO  mice  (Figures  2M  and 
2N),  demonstrating  that  p62  plays  a  tumor-suppressive  role  in 
the  tumor  microenvironment  during  PCa  progression  by  inhibit¬ 
ing  CAF  activation  and  blocking  inflammation. 

p62  in  Stromal  Fibroblasts  Regulates  an  IL-6/TGF-P 
Cascade  Essential  for  Tumor  Invasion 

We  next  set  up  a  3D  organotypic  culture  model  that  recapitu¬ 
lates,  in  a  genetically  accessible  system,  the  tumor  microenvi¬ 
ronment  and  its  interactions  with  the  tumor  epithelial  cell,  closely 
mimicking  the  physiological  situation  and  the  cellular  architec¬ 
ture  (Gaggioli  et  al.,  2007;  Kim  et  al.,  2013;  Nystrom  et  al., 
2005;  Ridky  et  al.,  2010).  Because  our  genome-wide  transcrip¬ 
tomic  analysis  suggested  that  the  loss  of  p62  in  the  tumor 
microenvironment  is  associated  with  a  CAF-like  signature,  and 
because  fibroblasts  are  a  critical  component  of  the  stroma,  we 
next  tested  whether  p62  KO  prostate  fibroblasts  were  able  to 
recapitulate  the  in  vivo  phenotype  in  3D  organotypic  cultures. 
To  do  this,  we  cocultured  in  this  organotypic  system  prostate 
fibroblasts  from  p62  KO  and  WT  mice  with  TRAMP-C2Re3 
PCa  cells  (Figure  3A).  Importantly,  p62  KO  prostate  fibroblasts 
(versus  WT  counterparts)  enhanced  the  invasiveness  and  prolif¬ 
eration  index  of  PCa  epithelial  tumor  cells  (Figures  3B-3D). 
Similar  results  were  obtained  with  other  PCa  cell  lines,  such  as 
mouse  Myc-CaP  (Figure  S3A),  or  human  PC3  cells  (Figure  S3B). 
Mouse  fibroblasts  from  p62  KO  mice  also  enhanced  the  inva¬ 
siveness  and  proliferation  index  of  human  normal  prostate 
epithelial  cells  compared  with  similar  organotypic  cultures  with 
WT  fibroblasts  (Figure  S3C).  Altogether,  this  indicates  that  p62 
deficiency  in  the  stromal  fibroblasts  has  a  pivotal  role  in  medi¬ 
ating  cancer  cell  proliferation  and  invasion. 

To  follow  up  on  our  findings  that  IL-6  levels  were  increased  in 
orthotopically  injected  tissues  and  that  increased  IL-6  expres¬ 
sion  was  associated  with  enhanced  tumorigenicity  in  vivo  (Fig¬ 
ures  2K-2N),  we  further  investigated  the  role  of  this  cytokine  in 
the  protumorigenic  microenvironment  created  by  p62  deficiency 
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Figure  2.  IL-6  Is  Required  for  p62’s  Role  in  the  Tumor  Microenvironment 

(A)  Orthotopic  injection  of  TRAMP-C2Re3  cells  into  the  prostates  of  syngeneic  WT  and  p62  KO  mice.  Orthotopic  tumors  were  allowed  to  grow  for  two  months. 
(B  and  C)  GU  tract  weight  (B)  and  pictures  (C)  from  (A);  n  =  5  or  6  mice  per  genotype.  The  scale  bar  represents  1  cm. 

(D)  “Response  to  wounding”  GSEA  plot  of  enrichment  of  gene  expression  in  p62  KO  orthotopic  tumors. 

(E)  a-SMA  staining  of  orthotopic  tumors  from  WT  and  p62  KO  mice.  The  scale  bars  represent  25  (im. 

(F)  RT-PCR  of  TGF-p  in  orthotopic  tumors  from  WT  and  p62  KO  mice  (n  =  3). 

(G  and  H)  RT-PCR  of  CAF  markers  (a-SMA,  TGF-p,  and  vimentin)  in  FACS-sorted  prostate  stromal  fraction  from  WT  and  p62  KO  mice  (G)  and  in  WT  and  p62  KO 
prostate  fibroblasts  (H);  n  =  3. 

(I)  TGF-p  production  in  prostate  fibroblasts  was  determined  by  ELISA. 

(J)  GSEA  plots  of  enrichment  of  gene  expression  in  p62  KO  orthotopic  tumors. 

(K)  RT-PCR  of  inflammatory  cytokines  in  orthotopic  tumors  of  WT  and  p62  KO  mice;  n  =  5  or  6  animals  per  group  versus  WT. 

(L)  IL-6  ELISA  in  fibroblasts. 

(M  and  N)  Orthotopic  injection  of  TRAMP-C2Re3  cells  into  the  prostates  of  mice  of  different  genotypes  (n  =  5  or  6  mice).  GU  weights  (M)  and  pictures  (N).  The  scale 
bar  represents  1  cm. 

*p  <  0.05,  **p  <  0.01,  ***p  <  0.001 .  Results  are  presented  as  mean  ±  SEM.  See  also  Figure  S2. 


in  the  stroma.  The  two  major  sources  of  IL-6  in  the  tumor  micro¬ 
environment  are  macrophages  and  stromal  fibroblasts  (Hanahan 
and  Coussens,  2012).  Notably,  3D  organotypic  culture  experi¬ 


ments  established  that  fibroblasts  (Figures  3B  and  3C),  but 
not  macrophages  (Figure  S3D),  from  p62  KO  mice  recapitu¬ 
lated  the  p62  KO  phenotype  in  the  orthotopic  tissue  grafting 
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Figure  3.  p62-Deficient  Stroma-Mediated  Invasion  Is  IL-6  and  TGF-p  Dependent 

(A)  Schematic  representation  of  3D  organotypic  cultures. 

(B)  H&E-stained  sections  of  TRAMP-C2Re3  cells  cultured  in  an  organotypic  system  in  the  presence  of  primary  prostate  fibroblasts  from  WT  and  p62  KO  mice. 
(C  and  D)  Quantification  of  PCa  cell  invasion  (C)  and  proliferation  index  (D)  of  experiment  shown  in  (B);  n  =  4. 

(E)  H&E  staining  of  organotypic  gels  combining  Myc-CaP  cells  with  prostate  fibroblasts  from  mice  of  different  genotypes  (n  =  4). 

(F  and  G)  Quantification  of  PCa  cell  invasion  (F)  and  proliferation  index  (G)  of  experiment  shown  in  (E);  n  =  4. 

(H)  H&E  staining  of  organotypic  gels  combining  Myc-CaP  cells  with  prostate  fibroblasts  from  mice  WT  and  p62  KO  mice  in  the  presence  or  absence  of  the  TGF-p 
inhibitor  SB431542  (10  nM). 

(I  and  J)  PCa  cell  invasion  quantification  (I)  and  proliferation  index  (J)  of  (H);  n  =  4. 

(K)  Invasion  index  determined  by  modified  Boyden  chamber  assay  with  conditioned  media  from  WT  and  p62  KO  fibroblasts  in  the  presence  or  absence  of 
SB431542  (10nM);n  =  3. 

(L  and  M)  RT-PCR  of  TGF-p  (L)  and  a-SMA  (M)  mRNA  levels  in  fibroblasts  of  mice  of  different  genotypes  (n  =  4). 

(N)  IL-6  production  by  WT  and  p62  KO  fibroblasts  in  the  presence  or  absence  of  the  TGF-p  inhibitor  SB431542  (n  =  4). 

*p  <  0.05,  **p  <  0.01 ,  ***p  <  0.001 ,  ****p  <  0.0001 .  Results  are  presented  as  mean  ±  SEM.  The  scale  bars  represent  100  |.im.  See  also  Figure  S3. 


experiment,  and  this  effect  was  abolished  when  p62/IL-6  DKO 
fibroblasts  were  used  in  the  3D  system  (Figures  3E-3G).  Further¬ 
more,  when  TGF-p  signaling  was  inhibited  by  incubating  the 
organotypic  cultures  with  the  TGF-p  inhibitor  SB431542  (Inman 
et  al.,  2002),  the  protumorigenic  phenotype  of  p62-deficient 
fibroblasts  was  reverted,  consistent  with  the  notion  that  TGF-p 
is  important  for  the  CAF  phenotype  and  PCa  proliferation  (Fig¬ 


ures  3H-3J).  Likewise,  the  TGF-p  inhibitor  reverted  the  increased 
invasion  index  of  PCa  cells  incubated  with  p62-deficient  fibro¬ 
blast  conditioned  medium  in  a  Boyden  chamber  invasion  assay 
(Figure  3K).  Results  shown  in  Figure  S3E  demonstrate  the  effec¬ 
tiveness  of  this  inhibitor  to  block  the  TGF-p  pathway.  Moreover, 
the  enhanced  TGF-p  production  observed  in  the  p62  KO  fibro¬ 
blasts,  as  well  as  that  of  a-SMA,  was  completely  abrogated  in 
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Figure  4.  Metabolic  Reprogramming  in  p62-Deficient  Stroma 

(A  and  B)  Total  intracellular  levels  of  ROS  in  WT  and  p62  KO  fibroblasts  (A)  and  quantification  (B);  n  =  4. 

(C)  IL-6  ELISA  of  WT  and  p62  KO  fibroblasts  treated  with  vehicle  or  the  ROS  scavenger  BHA  (1 00  riM)  for  1 2  hr  (n  =  4). 
(D  and  E)  RT-PCR  of  NQOI  (D)  and  SOD1 ,  SOD2,  and  FHC  (E)  mRNA  levels  in  fibroblasts  (n  =  4). 
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the  DKO  fibroblasts  (Figures  3L  and  3M).  Consistently,  the 
knockdown  of  IL-6  in  p62  KO  fibroblasts  impaired  IL-6  secretion 
and,  more  important,  also  reverted  TGF-|3  production  and  PCa 
invasion  (Figures  S3F-S3FI).  Furthermore,  incubation  of  p62/ 
IL-6  DKO  fibroblasts  with  exogenously  added  IL-6  restored 
TGF-fS  levels  to  those  of  p62  KO  cells  as  well  as  PCa  invasion 
(Figure  S3I  and  S3J).  All  this  is  consistent  with  a  cell-autonomous 
role  of  the  p62-IL-6  axis  in  the  control  of  the  CAF  phenotype. 
However,  incubation  of  p62  KO  fibroblasts  with  the  TGF-|3 
signaling  inhibitor  SB431542  did  not  affect  the  overproduction 
of  IL-6  in  p62  KO  fibroblasts  (Figure  3N).  These  are  important 
observations  that  establish  a  sequential  p62/IL-6/TGF-p  axis  in 
the  tumor  fibroblastic  compartment  contributing  to  the  control 
of  epithelial  tumorigenesis  during  PCa  progression. 

p62  Controls  IL-6  Levels  by  Repressing  Reactive  Oxygen 
Species  Production  through  Metabolic  Reprogramming 

We  next  sought  to  determine  how  p62  controls  IL-6  production 
in  fibroblastic  stromal  cells  and  whether  the  mechanisms  medi¬ 
ating  IL-6  production  are  relevant  to  stroma-driven  tumorigen¬ 
esis.  It  should  be  noted  that  p62  KO  fibroblasts  have  increased 
levels  of  reactive  oxygen  species  (ROS)  (Figures  4A  and  4B) 
and  that  the  inhibition  of  ROS  production  (by  the  ROS  scavenger 
butylated  hydroxyanisole  [BHA])  completely  reverts  the  IL-6 
hyperproduction  phenotype  (Figure  40).  This  indicates  that  the 
mechanism  whereby  p62  represses  IL-6  production  in  fibro¬ 
blasts  involves  the  control  of  ROS  levels.  It  has  previously 
been  reported  that  p62  can  activate  NF-kB  and  NRF2  (Duran 
et  al.,  2008;  Komatsu  et  al.,  2010;  Moscat  and  Diaz-Meco, 
2009),  which  suggests  that  these  molecules  could  play  a  role 
in  the  ability  of  p62  to  repress  ROS  production  and  the  subse¬ 
quent  activation  of  IL-6.  The  expression  of  critical  detoxifying 
NF-kB-  or  NRF2-dependent  genes  (Figures  4D  and  4E),  as  well 
as  the  levels  of  the  NRF2  inhibitor  Keapl  (Figure  4F),  was  not 
affected  by  the  loss  of  p62  in  fibroblasts.  However,  we  found 
that  p62  KO  fibroblasts  displayed  lower  levels  of  reduced  gluta¬ 
thione  (GSH)  than  the  WT  controls  (Figure  4G).  These  are  impor¬ 
tant  observations  because  GSH  is  central  to  the  control  of  ROS 
levels.  In  fact,  treatment  of  p62  KO  fibroblasts  with  the  GSH 
analog  GSH-reduced  ethyl  ester  (GEE)  reduced  IL-6  to  levels 
comparable  with  those  of  WT  fibroblasts  (Figure  4H).  These 
results  demonstrate  that  the  loss  of  p62  results  in  lower  GSH 
levels,  thus  promoting  ROS  accumulation,  which  is  required  for 
IL-6  overproduction  in  p62-deficient  fibroblasts. 

We  observed  a  striking  decrease  in  the  reduced  nicotinamide 
adenine  dinucleotide  phosphate  (NADPH)/nicotinamide  adenine 
dinucleotide  phosphate  (NADP)  ratio  in  p62-deficient  fibroblasts 


(Figure  41).  This  ratio  provides  additional  information  on  the 
cellular  redox  status,  as  the  relative  concentration  of  GSH  versus 
oxidized  GSH  depends  on  the  cellular  content  of  NADPH.  Glyco¬ 
lytic  metabolism  plays  a  critical  role  in  maintaining  NADPH 
production  through  the  oxidative  pentose  phosphate  pathway 
(PPP)  (Figure  4J,  yellow  shading).  Indeed,  p62  KO  cells  exhibited 
decreased  glucose  uptake  and  lactate  secretion  (Figure  4K).  This 
reduction  in  glycolytic  rate  resulted  in  decreased  flux  through  the 
oxidative  PPP,  as  determined  by  stable  isotope  tracing  with 
[1 ,2-13C2]glucose  (Figure  4L).  These  metabolic  changes  corre¬ 
lated  with  a  reduction  in  GLUT1  levels  in  p62-deficient  fibro¬ 
blasts  (Figure  4M),  providing  evidence  that  transcriptional 
changes  associated  with  p62  loss  influence  metabolic  flux. 

Amino  acids  are  critical  for  the  production  of  GSH,  a  peptide 
composed  of  glutamate,  cysteine,  and  glycine  (Figure  4J,  pink 
shading).  Glutamine  serves  as  an  important  precursor  for  gluta¬ 
mate,  and  loss  of  p62  in  fibroblasts  leads  to  lower  glutamine  con¬ 
sumption  compared  with  WT  cells  (Figure  4K).  We  also  observed 
a  decrease  in  the  direct  conversion  of  [U-13C5]  glutamine  to 
glutamate  in  p62  KO  fibroblasts,  with  a  relative  increase  in  the 
fraction  of  glutamate  derived  from  [1 ,2-13C2]glucose  (Figure  4N). 
In  good  agreement  with  these  changes  in  glutamine  metabolism, 
we  observed  reduced  levels  of  the  glutamine  transporters 
SLC7A5  and  SLC1A5,  as  well  as  glutaminase-1  (GLS1)  (Fig¬ 
ure  40),  a  critical  enzyme  in  the  pathway  that  catalyzes  the  con¬ 
version  of  glutamine  into  glutamate  (Figure  4J).  Consistent  with 
reduced  levels  of  GSH,  p62  KO  fibroblasts  also  exhibit  a  dra¬ 
matic  reduction  in  the  levels  of  SLC7A1 1 ,  the  xCT  cystine/gluta¬ 
mate  antiporter,  which  is  the  major  driver  of  cystine  uptake,  a 
critical  and  rate-limiting  step  in  the  synthesis  of  GSH  in  several 
cell  types,  including  fibroblasts  (Figure  4P)  (Bannai  and  Tateishi, 
1986;  Gout  et  al.,  1997).  Finally,  we  observed  significant 
decreases  in  labeling  of  both  serine  and  glycine  from  [1 ,2-13C2] 
glucose  (Figure  4Q).  Serine  serves  as  a  precursor  to  glycine 
and  cysteine  (when  synthesized  from  methionine),  so  this 
decrease  in  label  transfer  provides  evidence  that  there  is  less 
demand  for  GSH  synthesis  in  p62-deficient  cells.  These  results 
collectively  demonstrate  that  loss  of  p62  in  fibroblasts  influences 
metabolic  pathways  controlling  cellular  redox,  including  NADPH 
production  in  the  PPP  and  GSH  synthesis. 

p62  Is  a  Critical  Regulator  of  c-Myc  Levels 

Previous  data  from  other  laboratories  have  established  the  crit¬ 
ical  role  of  c-Myc  in  the  regulation  of  glutamine  and  glucose  meta¬ 
bolism  (Dang,  2012).  We  found  significantly  reduced  levels  of 
c-Myc  in  p62  KO  fibroblasts  as  well  as  in  WT  fibroblasts  in  which 
p62  has  been  knocked  down  by  small  hairpin  RNA  (shRNA) 


(F)  Immunoblot  analysis  of  KEAP1  in  cell  lysates  from  WT  and  p62  KO  fibroblasts.  Results  are  representative  of  three  experiments. 

(G)  Cellular  GSH  levels  in  WT  and  p62  KO  fibroblasts  (n  =  4). 

(H)  IL-6  ELISA  of  fibroblasts  treated  with  increasing  concentrations  of  the  GSH  analog  GEE  (n  =  4). 

(I)  Cellular  NADPH/NADP  levels  in  WT  and  p62  KO  fibroblasts  (n  =  4). 

(J)  Metabolic  scheme  depicting  biosynthetic  routes  to  NAPDH  (yellow  shading)  and  GSH  (pink  shading)  from  glucose  and  glutamine. 

(K)  Glucose  consumption,  lactate  secretion,  and  glutamine  consumption  rates  determined  by  spent  medium  analysis  from  WT  and  p62  KO  fibroblasts  (n  =  3). 

(L)  PPP  flux  estimates  from  metabolic  flux  analysis  in  WT  and  p62  KO  fibroblast  cultures  labeled  with  [1,2-13C2]glucose  (n  =  3). 

(M)  RT-PCR  of  GLUT1  mRNA  (n  =  4). 

(N)  Glutamate  labeling  in  WT  and  p62  KO  fibroblasts  grown  in  either  [1 ,2-13C2]glucose  and  unlabeled  glutamine  or  [U-13C5]glutamine  and  unlabeled  glucose  (n  =  3). 
(O  and  P)  RT-PCR  of  SLC7A5,  SLC1A5,  and  GLS1  (O)  and  SLC7A1 1  (P)  mRNA  levels  in  WT  and  p62  KO  fibroblasts  (n  =  3). 

(Q)  Labeling  of  serine  and  glycine  from  [1,213C2]glucose  (n  =  3). 

*p  <  0.05,  **p  <  0.01 ,  ***p  <  0.001 ,  ****p  <  0.0001 .  Results  are  presented  as  mean  ±  SEM. 
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Figure  5.  c-Myc-Mediated  Metabolism  in  p62-Deficient  Stroma 

(A-C)  Immunoblot  analysis  of  c-Myc  levels  in  WT  and  p62  KO  fibroblasts  (A),  in  WT  fibroblasts  lentivirally  infected  with  shRNA  nontargeted  control  (shNT)  or 
shRNA  specific  for  p62  (shp62)  (B),  and  in  p62  KO  fibroblasts  retrovirally  infected  with  control  vector  (control)  or  with  c-Myc  expression  vector  (c-Myc)  (C).  Results 
are  representative  of  three  experiments. 

(D)  IL-6  ELISA  in  control  and  c-Myc  cells  (n  =  4)  as  in  (C). 

(E)  RT-PCR  of  SLC7A5,  SLC1 A5,  and  GLS1  mRNA  in  control  and  c-Myc  cells  (n  =  3). 

(F)  Intracellular  GSH  levels  in  control  and  c-Myc  cells  (n  =  3). 

(G)  Immunoblot  analysis  of  c-Myc  and  p-STAT3  in  WT  fibroblasts  infected  with  shNT  or  shRNA  for  c-Myc  (shMyc). 
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(Figures  5A  and  5B)  and  reductions  in  the  levels  of  the  key  gluta¬ 
mine  transporters  SLC7A5  and  SLC1A5,  and  GLS1  (Figure  40), 
which  are  targets  of  c-Myc  (Dang,  2012).  Interestingly,  ectopic 
expression  of  c-Myc  in  p62  KO  fibroblasts  (Figure  5C)  reverted 
the  p62-deficient  phenotype  in  terms  of  IL-6  production  (Fig¬ 
ure  5D)  and  the  levels  of  glutamine  transporters  and  GLS1  (Fig¬ 
ure  5E)  and  GSFI  (Figure  5F).  On  the  contrary,  c-Myc  knockdown 
in  WT  fibroblasts  (Figure  5G)  resulted  in  increased  IL-6  produc¬ 
tion  at  the  mRNA  and  protein  levels  (Figures  5H  and  51).  c-Myc 
knockdown  in  fibroblasts  led  to  decreased  levels  of  GSH  (Fig¬ 
ure  5J),  as  well  as  enhanced  PCa  cell  invasion  and  proliferation 
in  organotypic  cell  cultures  (Figures  5K-5M).  Also,  the  knock¬ 
down  of  c-Myc  in  fibroblasts  resulted  in  increased  PCa  cell  inva¬ 
sion  index  in  a  Boyden  chamber  assay  (Figure  5N).  Of  note,  this 
cause-and-effect  correlation  between  p62  deficiency,  c-Myc 
expression,  and  IL-6  production  was  also  found  in  FACS-isolated 
prostate  stromal  cells  from  WT  and  p62  KO  mice  (Figure  50). 
Collectively  these  results  demonstrate  that  p62  repression  of 
c-Myc  expression  in  the  stroma  fibroblasts  accounts  for  its  tumor 
suppressive  role  in  PCa. 

IL-6  Is  Regulated  by  a  p62/mTORC1  /c-Myc  Cascade 

Consistent  with  previously  published  observation  (Duran  et  al., 
2011),  we  found  that  p62  KO  cells  displayed  reduced  mTORCI 
activity  (Figure  5P).  We  hypothesized  that  the  reduction  in 
c-Myc  levels  found  in  p62  KO  fibroblasts  could  be  the  conse¬ 
quence  of  mTORCI  inhibition.  Importantly,  we  rescued  c-Myc 
inhibition  in  p62  KO  fibroblasts  by  expressing  a  permanently 
active  mutant  of  the  small-guanosine  triphosphatase  RagB, 
which  is  a  critical  activator  of  mTORCI  (Figure  5Q).  IL-6  levels 
were  likewise  reduced  under  these  conditions  (Figure  5R).  These 
results  demonstrate  that  reduced  mTORCI  activity  in  p62  KO 
fibroblasts  accounts  for  the  low  levels  of  c-Myc  and  the  subse¬ 
quent  increase  in  IL-6  production  in  these  mutant  cells.  Treat¬ 
ment  of  WT  fibroblasts  with  rapamycin  or  Torin,  two  different 
inhibitors  of  mTORCI ,  effectively  reduced  c-Myc  levels  (Figures 
5S  and  5T),  promoting  a  significant  reduction  in  GSFI  levels 
(Figure  5U)  and  a  concomitant  increase  in  IL-6  production  (Fig¬ 
ure  5 V).  Therefore,  p62’s  ability  to  regulate  mTORCI  in  the 
stroma  is  essential  for  its  control  of  the  c-Myc/GSFI/IL-6  axis. 

p62  KO  Mice  Develop  Prostate  Hyperplasia  and 
Prostatic  Intraepithelial  Neoplasia  upon  Aging 

On  the  basis  of  these  results,  we  hypothesized  that  the  loss  of 
p62  at  an  organismal  level,  which  would  include  both  the  pros¬ 


tate  stroma  and  epithelium,  might  be  sufficient  to  drive  prostate 
epithelium  toward  neoplasia.  We  characterized  the  prostates  of 
p62  KO  mice  by  histological  analysis,  which  revealed  no  abnor¬ 
malities  in  development  or  morphology  at  early  stages.  Flowever, 
at  9  months  of  age,  prostates  from  p62  KO  mice  developed 
hyperplasia,  with  a  concomitant  increase  in  Ki67  staining  (Fig¬ 
ures  6A  and  6B).  These  lesions  progressed  to  prostatic  intraepi¬ 
thelial  neoplasia  (PIN)  at  1  year  of  age  (Figure  60).  This  indicated 
that,  whereas  in  xenograft  experiments  PCa  epithelial  cells  with 
reduced  p62  displayed  inhibited  tumorigenesis  (Duran  et  al., 
2011),  the  total  loss  of  p62  in  vivo  promoted  prostate  epithelial 
cell  growth.  These  observations  are  in  good  agreement  with 
our  model  whereby  p62  in  the  stromal  fibroblasts  normally  acts 
as  a  tumor  suppressor,  and  the  total  KO  of  p62  results  in  p62- 
deficient  stromal  fibroblasts  that  drive  the  prostate  epithelium 
to  a  malignancy-prone  state.  To  further  test  this  hypothesis, 
we  crossed  total  p62  KO  mice  with  two  well-established  mouse 
models  of  PCa  (PTEN+/  and  TRAMP+)  (Di  Cristofano  et  al., 
1998;  Greenberg  et  al.,  1995)  and  asked  whether  total  ablation 
of  p62  inhibited  or  promoted  prostate  tumor  development.  Fig¬ 
ures  6D  and  6E  show  hematoxylin  and  eosin  (FH&E)  analyses  of 
PTEN+/~/p62  KO  prostrates  demonstrating  an  increase  in  the 
percentage  of  glands  with  high-grade  PIN  at  the  age  of  6  months. 
Furthermore,  TRAMP+/p62  KO  mice  had  reduced  survival  (Fig¬ 
ure  6F),  increased  percentages  of  poorly  differentiated  adeno¬ 
carcinoma  (Figure  6G)  and  neuroendocrine  tumors  (Figure  6H), 
as  well  as  a  larger  number  of  metastases  (Figure  61),  of  which 
a  higher  percentage  were  in  the  liver  (Figure  6J).  Consistent 
with  our  model,  prostate  fibroblasts  from  PTEN+/~/p62  KO 
mice  showed  increased  IL-6  and  reduced  c-Myc  expression 
compared  with  those  from  p62-proficent  PTEN +/_  mice  (Figures 
S4A-S4C).  Interestingly,  immunohistochemical  analysis  of 
prostates  from  PTEN+/ "  mice  confirmed  reduced  expression  of 
p62  in  the  stromal  compartment  compared  with  those  from  WT 
mice  (Figure  S4D).  To  further  support  the  role  of  p62  deficiency 
in  the  stroma  in  driving  tumorigenesis  in  vivo,  we  coinjected  syn¬ 
geneic  PCa  cells  (TRAMP-C2Re3)  with  WT  or  p62  KO  fibroblasts 
and  assessed  the  effect  that  fibroblasts  exert  on  tumor  growth. 
Tumors  coinjected  with  p62  KO  fibroblasts  grew  significantly 
faster  and  were  larger  than  tumors  in  mice  injected  with  WT  fibro¬ 
blasts,  consistent  with  the  cell-autonomous  tumor-promoting 
activity  of  p62-deficient  fibroblasts  on  epithelial  PCa  cells  (Fig¬ 
ures  6K  and  6L).  In  agreement  with  this,  bromodeoxyuridine 
(BrdU)  incorporation  was  increased  in  the  p62  KO  fibroblast- 
driven  tumors  (Figures  6M  and  6N). 


(H  and  I)  RT-PCR  of  IL-6  mRNA  (H)  and  IL-6  ELISA  (I)  in  the  same  cells  (n  =  3)  as  in  (G). 

(J)  Quantification  of  intracellular  GSH  levels  in  WT  shNT  and  shMyc  cells  (n  =  3). 

(K)  H&E-stained  organotypic  gels  of  TRAMP-C2Re3  cells  with  shNT  or  shMyc  fibroblasts.  The  scale  bar  represents  100  |.im. 

(L  and  M)  Quantification  of  PCa  cell  invasion  (L)  and  proliferation  index  (M)  of  experiment  shown  in  (K). 

(N)  Invasion  index  determined  by  modified  Boyden  chamber  assay  of  Myc-CaP  cells  cocultured  with  shNT  and  shMyc  fibroblasts. 

(O)  RT-PCR  of  c-Myc  and  IL-6  mRNA  levels  in  FACS-isolated  prostate  stromal  cells  from  WT  and  p62  KO  mice  (n  =  3). 

(P)  Immunoblot  analysis  with  the  indicated  antibodies  of  cell  lysates  of  WT  and  p62  KO  fibroblasts. 

(Q)  Immunoblot  analysis  for  the  specified  proteins  of  cell  lysates  from  p62  KO  fibroblasts  retrovirally  infected  with  control  vector  (control)  or  FLAG-RagBGTP 
expression  vector  (RagBGTP).  Results  are  representative  of  three  experiments. 

(R)  IL-6  ELISA  (n  =  3)  in  cells  shown  in  (Q). 

(S  and  T)  Immunoblot  analysis  of  c-Myc  and  p-S6K  in  fibroblasts  treated  with  rapamycin  (S)  or  Torinl  (T)  for  12  hr. 

(U)  Intracellular  GSH  levels  in  fibroblasts  treated  with  Torinl . 

(V)  IL-6  ELISA  in  fibroblasts  treated  with  Torinl  (n  =  3). 

*p  <  0.05,  **p  <  0.01 ,  ***p  <  0.001 ,  ****p  <  0.0001 .  Results  are  presented  as  mean  ±  SEM. 
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Figure  6.  p62  Deficiency  Accelerates  Prostate  Tumor  Progression  in  Different  Mouse  Models  of  Prostate  Cancer 

(A)  Hyperplasia  in  the  prostatic  anterior  lobe  of  p62  KO  mice.  H&E  and  Ki67  staining  of  prostates  from  9-month-old  WT  and  p62  KO  mice  (n  =  5). 

(B)  Quantification  of  Ki67-positive  cells  in  the  prostate  sections  shown  in  (A).  Results  are  the  means  ±  SD  of  counts  from  10  different  fields  per  mouse  (n  =  5). 

(C)  PIN  in  the  dorsolateral  lobes  of  prostates  from  12-month-old  p62  KO  mice. 

(D)  Representative  examples  of  H&E  staining  of  dorsolateral  lobes  of  prostates  from  PTEN+/“  and  PTEN+/_/p62  KO  mice  at  6  months  of  age  (n  =  5). 

(E)  Percentage  of  glands  with  HG-PIN  (n  =  5  mice). 

(F)  Kaplan-Meier  survival  curve  of  TRAMP+  mice  (n  =  10),  compared  with  TRAMP+/p62  KO  mice  (n  =  15). 

(G)  Representative  H&E  staining  of  mouse  prostate  sections  from  TRAMP+  and  TRAMP+/p62  KO  mice  (n  =  10). 

(H)  Incidence  of  neuroendocrine  tumors  in  TRAMP+  (n  =  12)  and  TRAMP+/p62  KO  mice  (n  =  19). 

(I  and  J)  Incidence  of  metastasis  (I)  and  liver  metastasis  (J)  in  TRAMP+  compared  with  TRAMP+/p62  KO  mice. 

(K-M)  Coinjection  of  syngeneic  TRAMPC2-Re3  PCa  cells  with  either  WT  or  p62  KO  fibroblasts  in  C57BL76  mice.  (K)  Tumor  volume  assessed  at  different  time 
points  after  injection  (n  =  7  mice).  (L)  Tumor  weight  at  6  weeks  after  injection  (n  =  7  mice).  (M)  BrdU  staining  in  tumor  sections. 

(N)  Quantification  of  BrdU  positive  cells  of  (M). 

Results  are  presented  as  mean  ±  SEM  (n  =  10).  *p  <  0.05,  ****p  <  0.001 .  The  scale  bars  represent  25  |xm.  See  also  Figure  S4. 
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Figure  7.  The  p62-Myc-mTORC1  Cassette  Is  Downregulated  in  Prostate  Tumor-Associated  Stroma  in  Human  Samples 

(A)  Myc  levels  are  downregulated  in  the  tumor  stroma  of  human  tissue  samples.  Data  were  collated  from  public  data  sets  of  gene  expression  in  tumor  stroma  in 
several  human  cancers:  GSE34312  (prostate  cancer)  and  GSE9014  (breast  cancer).  The  p  value,  fold  change  of  expression,  and  size  of  the  sample  (n)  for  each 
study  are  indicated  in  the  corresponding  panels. 

(B)  Positive  correlation  between  p62  and  Myc  levels  in  the  stroma. 

(C)  Heatmap  of  mTORCI  signature  selected  from  p62  neighboring  genes  in  human  stroma.  p62  levels  are  indicated  as  SQSTM1. 

(D  and  E)  RT-PCR  analysis  of  mTORCI  genes  in  WT  and  p62  KO  fibroblasts  (D)  and  in  FACS  sorted  mouse  prostate  stromal  fraction  (E). 

*p  <  0.05,  **p  <  0.01,  ***p  <  0.001.  Results  are  presented  as  mean  ±  SEM  (n  =  3).  See  also  Figure  S5. 


p62/mTORC1/c-Myc  Connection  in  Human  Cancer 
Stroma 

To  determine  whether  the  identified  link  between  p62  and  c-Myc 
through  mTORCI  has  relevance  to  the  role  of  the  stroma  in  hu¬ 
man  cancer,  we  used  bioinformatics  to  analyze  c-Myc  transcript 
levels  in  two  sets  of  human  gene-expression  arrays  from  pros¬ 
tate  and  breast  cancer  stroma.  Stroma  of  human  tumors 
displayed  reduced  levels  of  c-Myc  (Figure  7A),  and  there  was 
a  statistically  significant  correlation  between  c-Myc  and  p62 
expression  in  tumor  stroma  (Figure  7B),  emphasizing  the  clinical 
relevance  of  the  p62-Myc  connection  in  the  stroma.  To  further 
explore  the  link  between  p62  and  mTORCI  in  the  tumor  stroma 
of  human  cancers,  we  identified  expression  neighbors  of  p62. 
We  developed  this  gene  signature  by  using  the  human  cancer 
stroma  data  set  shown  in  Figure  7A,  in  which  we  classified 
tumors  on  the  basis  of  p62  expression  levels  and  selected  for 
analysis  only  those  samples  in  the  top  and  bottom  25%.  Interest¬ 
ingly,  this  analysis  revealed  a  statistically  significant  correlation 
between  p62  expression  and  that  of  genes  previously  reported 
to  be  controlled  by  mTORCI  activity  (Figure  70;  Figure  S5) 


(Pena-Llopis  et  al.,  2011).  We  determined  the  expression  levels 
of  a  selection  of  these  genes  by  RT-PCR  and  found  that  their 
expression  was  reduced  in  p62  KO  fibroblasts  compared  with 
WT  (Figure  7D).  The  same  results  were  obtained  when  these 
were  analyzed  in  prostate  stromal  cell  preparations  from  p62 
KO  and  WT  mice  (Figure  7E).  Furthermore,  we  found  a  clear  sta¬ 
tistically  significant  correlation  between  p62  expression  and  that 
of  these  genes  in  human  cancer  stroma  (Figures  S5B-S5FI).  Alto¬ 
gether,  these  results  demonstrate  that  the  p62/mTORC1 /c-Myc 
connection  is  not  only  relevant  in  the  mouse  prostate  stroma  but 
it  is  also  important  in  human  cancer  stroma. 

DISCUSSION 

Tumorigenesis  is  a  slow  process  that  is  initiated  by  the  succes¬ 
sive  accumulation  of  genetic  and  epigenetic  changes  that  result 
in  the  activation  of  cell  growth  and  survival  genes  and  the  inacti¬ 
vation  of  tumor  suppressors  (Flanahan  and  Weinberg,  2011). 
Flowever,  for  tumor  development  to  take  place,  initiation  is  not 
sufficient.  Other  signals  are  required  to  drive  tumor  promotion 
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Figure  8.  Stromal  Activation  by  p62  Deficiency  in  Cancer 

Tumor  epithelium  promotes  the  downregulation  of  p62  in  stromal  fibroblasts, 
leading  to  reduced  mTORCI  activity  and  c-Myc  expression,  which  results 
in  impaired  metabolic  detoxification  and  the  subsequent  release  of  ROS  and 
IL-6.  An  autocrine  pathway  promotes  TGF-p  and  the  induction  of  CAF 
phenotype,  which  further  increases  epithelial  invasion  and  tumorigenesis. 


and  progression  and  the  development  of  the  fully  malignant 
stage.  The  progression  phase  is  most  likely  orchestrated  via 
the  tumor  microenvironment  by  nonepithelial  cells  in  which 
metabolic  stress  and  inflammation  create  an  environment  in 
which  epithelial  tumor-derived  cells  propagate  and  acquire 
more  aggressive  phenotypes  (Hanahan  and  Coussens,  2012; 
Hanahan  and  Weinberg,  2011).  Immune  cells,  such  as  tumor- 
associated  macrophages,  are  among  the  cell  types  in  the  tumor 
microenvironment  that  contribute  to  inflammation  (Coussens 
and  Werb,  2002;  Johansson  et  al,,  2008).  On  the  other  hand,  a 
crosstalk  between  metabolic  pathways  in  the  stromal  and 
epithelial  compartments  of  the  tumor  may  drive  the  survival 
and  growth  of  epithelial  cancer  cells  (Lisanti  et  al.,  2013).  How¬ 
ever,  it  has  not  been  thoroughly  investigated  whether  metabolic 
reprogramming  in  the  stromal  cells  of  the  tumor  microenviron¬ 
ment  exerts  any  control  over  inflammation  and  the  malignant 
characteristics  of  the  transformed  epithelium. 

Here  we  demonstrate  that  the  inactivation  of  mTORCI  in  p62- 
deficient  stromal  fibroblasts  results  in  metabolic  reprogramming 
through  c-Myc  inactivation  (Figure  8).  This  reprogramming  leads 
to  increased  levels  of  IL-6,  which  promotes  epithelial  cell 
invasion  and  proliferation.  Therefore,  because  of  its  regulation 
of  mTORCI ,  p62  emerges  as  a  tumor  suppressor  that  acts  by 
regulating  c-Myc  and  thus  inducing  an  inflammatory  response. 
These  results  are  in  marked  contrast  to  the  role  played  by  p62 
and  mTORCI  in  epithelial  cancer  cells.  That  is,  we  have  recently 
demonstrated  that  p62  inactivation  in  PCa  and  lung  adenocarci¬ 
noma  epithelial  cells  inhibits  the  proliferation  and  tumorigenic 
properties  of  these  cells  and  correlates  with  decreased  mTORCI 
activation.  Moreover,  the  increased  IL-6  phenotype  can  be  re¬ 
verted  by  expression  of  a  permanently  active  mutant  of  the 
mTORCI  activator  RagB.  This  has  important  implications  from 
a  therapeutic  point  of  view  because  inhibition  of  p62  and/or 
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mTORCI  may  result  in  opposite  effects  in  the  stroma  and 
the  epithelium  of  the  tumor,  thus  reducing  the  efficacy  of  broadly 
applied  mTORCI -based  chemotherapeutic  approaches.  In 
this  regard,  these  results  are  reminiscent  of  the  dual  role  that 
mTORCI  might  play  as  a  regulator  of  autophagy,  which  can 
have  a  tumor-suppressing  or  a  tumor-promoting  effect,  depend¬ 
ing  of  the  stage  of  the  tumor  (Guo  et  al.,  2013;  Levine  and 
Kroemer,  2008),  and  also  on  whether  the  manipulation  takes 
place  in  the  epithelium  or  in  the  stroma  (Lisanti  et  al.,  2013). 
Our  data  using  KO  mice  clearly  reveal  that  p62  deficiency  cre¬ 
ates  a  protumorigenic  environment  for  p62-proficient  PCa  cells 
in  orthotopic  experiments  and  also  show  that,  even  under  normal 
conditions,  it  drives  PIN  formation  in  the  endogenous  epithelium 
in  the  absence  of  any  other  induced  mutations.  Furthermore,  in 
two  PCa  models,  the  lack  of  p62  at  an  organismal  level  results 
in  increased  tumorigenesis,  despite  the  fact  that  p62  is  absent 
not  only  in  the  stroma  but  also  in  the  transformed  epithelium. 
These  results  are  very  important  because  they  demonstrate 
that  even  though  p62  is  required  for  epithelial  cancer  cells  to  pro¬ 
liferate  in  vitro  and  in  xenografts  (Duran  et  al.,  2011),  the  p62- 
deficient  tumor  microenvironment  overrides  the  requirement 
for  p62  in  the  epithelium.  Our  in  vitro  and  in  vivo  findings  establish 
that  increased  IL-6  levels  generated  by  stromal  fibroblasts  are  a 
critical  event  in  that  process.  Therefore,  it  can  be  predicted  that 
total  ablation  of  p62  at  an  organismal  level,  either  genetically  or 
pharmacologically,  may  increase  tumorigenesis,  rather  than  in¬ 
hibiting  it,  depending  on  the  contribution  of  the  stroma  and  the 
ability  of  p62  deficiency  to  reprogram  stromal  metabolism  to 
generate  ROS  and  inflammation.  Our  data  shown  here  demon¬ 
strate  that  this  is  the  case  in  prostate  tumorigenesis  and  suggest 
that  it  could  be  a  relevant  mechanism  in  other  tumor  types  as 
well.  The  proinflammatory  microenvironment  in  the  p62-deficient 
stroma  results  in  a  CAF-activated  phenotype  that  is  maintained 
by  stromal  TGF-p  production.  This  is  consistent  with  previous 
results  in  colon  cancer  demonstrating  that  a  TGF-p-activated 
tumor  microenvironment  is  critical  for  fully  aggressive  cancer 
cells  to  metastasize  (Calon  et  al.,  2012). 

Metabolic  reprogramming  in  cancer  is  emerging  as  a  central 
process  in  tumor  cell  survival  and  growth  (DeBerardinis  and 
Thompson,  201 2;  Metallo  and  Vander  Heiden,  201 3;  Vander  Hei- 
den,  2013).  The  so-called  Warburg  effect  supports  the  impor¬ 
tance  of  an  atypical  glucose  metabolism  tailored  to  the  cancer 
cell’s  need  for  efficient  anabolic  utilization  of  nutrients  (Vander 
Heiden  et  al.,  2009).  More  recently,  different  types  of  reprogram¬ 
ming  events  have  been  unveiled  that  constitute  specific  re¬ 
sponses  of  the  tumor  cell  to  a  nutrient-deficient  environment. 
These  include  the  metabolism  of  serine  or  the  utilization  of  the 
PPP  to  alleviate  oxidative  stress  conditions  during  tumorigenesis 
(Locasale,  2013;  Ma  et  al.,  2013;  Possemato  et  al.,  201 1;  Vander 
Heiden  et  al.,  2010).  In  the  current  study,  we  show  that  metabolic 
reprogramming  triggered  by  p62  deficiency  in  the  tumor  stroma 
is  critical  for  the  creation  of  a  protumorigenic  inflammatory  envi¬ 
ronment  driven  by  IL-6.  Moreover,  we  have  shown  that  this  in¬ 
volves  an  mTORCI/c-Myc/ROS  cascade  that  is  controlled  by 
p62.  In  this  regard,  previous  results  from  our  and  other  labora¬ 
tories  have  shown  that  p62  represses  ROS  by  inducing  the  acti¬ 
vation  of  NF-kB-  or  NRF2-dependent  detoxifying  molecules 
(Duran  et  al.,  2008;  Komatsu  et  al.,  2010;  Ling  et  al.,  2012).  Sur¬ 
prisingly,  neither  of  these  two  transcription  factors  nor  Keapl 
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levels  were  affected  in  p62-deficient  stromal  fibroblasts,  indi¬ 
cating  that  p62  may  use  diverse  cascades  in  different  cellular 
compartments  of  the  tumor.  Interestingly,  our  previous  data 
demonstrate  that  under  conditions  of  Ras-induced  transforma¬ 
tion,  p62  deficiency  leads  to  increased  cell  death  and  reduced 
tumorigenesis  due  to  enhanced  ROS  production  (Duran  et  al., 
2008).  In  contrast,  we  show  here  that  the  enhanced  ROS 
observed  in  the  untransformed  stromal  fibroblasts  does  not 
result  in  increased  cell  death  but  rather  in  the  creation  of  a  proin- 
flammatory  phenotype.  The  main  conclusion  of  these  results  is 
that  increased  ROS  production  induced  by  p62  deficiency  has 
different  outcomes  depending  on  the  cell  type  and  the  mecha¬ 
nisms  whereby  ROS  is  produced.  The  outcome  also  depends 
on  whether  or  not  the  levels  of  ROS  are  high  enough  to  engage 
a  c-Jun  N-terminal  kinase-driven  cell-death  pathway,  as  found 
in  the  Ras-tumor  cell,  as  opposed  to  increased  IL-6  production 
and  a  protumorigenic  effect  on  epithelial  cells,  as  we  demon¬ 
strated  in  the  stromal  nontransformed  fibroblasts. 

Importantly,  we  were  able  to  show  that  the  implication  of  the 
p62/mTORC1/c-Myc  cascade  is  relevant  not  only  in  mouse 
model  systems  but  also  in  human  samples,  in  which  this  pathway 
is  inactivated  in  the  tumor  stroma.  Therefore,  our  findings  sup¬ 
port  a  more  comprehensive  approach  when  devising  therapeutic 
strategies  in  cancer,  which  should  take  into  account  not  only  the 
altered  pathways  in  the  transformed  epithelial  compartment 
but  also  how  the  inhibition  of  these  cascades  might  affect  the 
surrounding  stroma.  Our  observations  suggest  that  pharmaco¬ 
logical  inhibition  of  IL-6  and/or  TGF-p  to  target  stromal  activa¬ 
tion  could  be  beneficial  in  combination  with  epithelial-targeted 
therapies. 

EXPERIMENTAL  PROCEDURES 
Mice 

WT,  p62  KO,  PTEN+/  ,  and  TRAMP+  mice  were  previously  described  (Duran 
et  al.,  2004;  Di  Cristofano  et  al.,  1 998;  Greenberg  et  al.,  1 995).  All  mouse  strains 
were  generated  in  a  C57BL/6  background.  All  mice  were  born  and  maintained 
under  pathogen-free  conditions.  All  genotyping  was  done  by  PCR.  Mice  were 
sacrificed  and  genitourinary  (GU)  sections  were  dissected.  Mice  were  injected 
with  5-bromo-2'-deoxyuridine  intraperitoneally  and  sacrificed  2  hr  after  injec¬ 
tion.  Animal  handling  and  experimental  procedures  conformed  to  institutional 
guidelines  (Sanford-Burnham  Medical  Research  Institute  Institutional  Animal 
Care  and  Use  Committee). 

Cell  Lysis  and  Western  Immunoblotting 

Cells  were  rinsed  once  with  ice-cold  PBS  and  lysed  in  radioimmunoprecipita- 
tion  assay  buffer  (1  x  PBS,  1  %  Nonidet  P-40,  0.5%  sodium  deoxycholate, 
0.1%  SDS,  1  mM  phenyl  methyl  sulfonyl  fluoride,  and  protease  inhibitors). 
Cell  extracts  were  denatured,  subjected  to  8%  to  14%  SDS-PAGE,  transferred 
to  nitrocellulose-enhanced  chemiluminescence  membranes  (GE  Healthcare), 
and  immunoblotted  with  the  specific  antibodies.  Chemiluminescence  was 
used  to  detect  the  proteins  (Thermo  Scientific). 

Statistical  Analysis 

Significant  differences  between  groups  were  determined  using  Student’s 
t  test.  Scoring  of  immunostaining  of  human  prostate  tissue  microarrays  was 
analyzed  using  Fisher’s  exact  test.  The  significance  level  for  statistical  testing 
was  set  at  p  <  0.05. 
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Figure  SI,  related  to  Figure  1.  p62  is  overexpressed  in  the  epithelium  of  human  prostate 
tumors. 

(A)  p62  levels  are  increased  in  the  epithelium  of  primary  PCa  tumors  as  compared  to  normal 
samples,  and  (B)  are  upregulated  upon  PCa  progression.  Analysis  of  TMA  of  Figure  1A.  The  H- 
score,  the  staining  intensity  of  p62  in  epithelium  x  the  proportion  of  cells  with  the  observed 
intensity,  was  used  to  grade  p62  expression  levels  in  each  sample.  Students  t  test  (*p  <  0.05,**p 
<  0.01). 
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Figure  S2,  related  to  Figure  2.  p62  deficiency  in  the  stroma  promotes  a  CAF  and  an 
inflammatory  phenotype. 

(A)  Genes  differentially  expressed  between  orthotopic  tumors  from  WT  and  p62  KO  mice  were 
subjected  to  NextBio  analysis  to  identify  biosets  that  contain  similar  genes.  Venn  diagrams 
show  the  number  of  common  and  unique  genes  in  both  sets.  (B  and  C)  Differentially  expressed 
genes  in  orthotopic  tumors  from  p62  KO  mice  analyzed  by  GSEA  against  C5  biological 
processes  of  the  MSigDB  database.  (B)  The  top-ranked  twenty  gene  sets  enriched  in  p62  KO 
tumors  are  shown.  (C)  Leading  edge  genes  of  the  “response  to  wounding”  gene  set.  (D  and  E) 
Differentially  expressed  genes  in  orthotopic  tumors  from  p62  KO  mice  analyzed  by  GSEA 
against  C2  curated  gene  sets  of  the  MSigDB  database.  (D)  GSEA  plot  of  the  selected  “stromal 
stimulation”  gene  set.  (E)  Leading  edge  genes  of  gene  set  of  D.  (F  and  G)  Leading  edge  genes 
of  selected  gene  sets  enriched  in  p62  KO  tumors  from  analysis  shown  in  (B). 


3 


Myc-CaP  cells 


WT  fibroblasts 


p62  KO  fibroblasts 


O  WT 
■  p62  KO 


□  WT 
■  p62  KO 


□  WT 
■  p62  KO 


□  WT 
■  p62  KO 


WT  P62  KO 


*w 

'.S' 


,0,0  Jo 

*W 

y 


4 


Figure  S3,  related  to  Figure  3.  Loss  of  p62  in  the  prostate  stroma  promotes 
tumorigenesis  in  the  prostate  epithelium. 

(A-C)  H&E-stained  organotypic  cultures  of  different  type  of  PCa  cells:  Myc-CaP  (A),  PC3  (B) 
and  PNT2  (C)  combined  with  fibroblasts  from  WT  and  p62  KO  mice.  Right  panels  show 
quantification  of  PCa  cell  invasion  and  proliferation  of  the  organotypic  experiments.  (D)  H&E- 
stained  organotypic  cultures  of  Myc-CaP  cells  with  macrophages  from  WT  and  p62  KO  mice. 
Right  panels  show  quantification  of  PCa  cell  invasion  and  proliferation  of  the  organotypic 
experiments.  (E)  The  TGF|3  inhibitor  SB431542  effectively  blocks  TGF|3  signaling  as  determined 
by  immunoblot  with  pSMAD2.  (F-H)  Selective  knockdown  of  IL-6  in  p62  KO  fibroblasts  reverted 
increased  IL-6  (F)  and  TGF|3  (G)  production  as  determined  by  ELISA,  as  well  as  PCa  invasion 
as  determined  by  modified  Boyden  chamber  assay  (H).  (I)  Addition  of  IL-6  to  p62/IL-6  DKO 
fibroblasts  restored  TGF|3  levels.  IL-6  was  added  for  48  hr  and  TGF|3  mRNA  levels  were 
determined  by  RT-PCR.  (J)  PCa  invasion  determined  by  modified  Boyden  chamber  assay  in 
fibroblasts  from  the  different  genotypes.  IL-6  was  exogenously  added  to  p62/IL-6  DKO 
fibroblasts.  Data  are  means  ±  SEM  (n  =  4).  *p  <  0.05,  **p  <  0.01.  ***p  <  0.001,  ****p  <  0.0001. 
Scale  bars,  100  pm. 
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Figure  S4,  related  to  Figure  6.  p62  role  in  prostate  stroma  of  PTEN+/"  mice. 

(A-C)  IL-6  ELISA  (A)  and  RT-PCR  of  IL-6  (B)  and  c-Myc  (C)  in  prostate  stromal  cells  from 
PTEN+/'  and  PTEN+/"/p62  KO  mice  (n  =  6).  (D)  p62  levels  are  downregulated  in  the  prostate 
stroma  of  PTEN+/'  mice.  Immunostaining  of  p62  (green)  and  DAPI  (blue)  were  performed  in 
prostate  sections  of  WT  and  PTEN+/'  mice  of  9  months  of  age  (n  =  4).  **p  <  0.01,  ****p  < 
0.0001 .  Scale  bar,  25  pm.  Results  are  presented  as  means  ±  SEM. 
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Figure  S5,  Related  to  Figure  7.  p62  signature  in  human  stroma. 

(A)  Heat  map  of  the  top  25  genes  differentially  expressed  (FDR  >  0.0002  and  fold  >  1.5)  in  the 
top  25%  versus  the  bottom  25%  of  human  stroma  samples  ranked  by  p62  expression  levels. 
Expression  data  were  extracted  from  the  GSE9014  dataset.  Blue  and  red  in  the  heatmap 
indicate  genes  that  are  underexpressed  or  overexpressed,  respectively.  (B-H)  A  positive 
significant  correlation  of  gene  expression  between  p62  and  ATPVOE  (B),  VPS16  (C),  VAPB  (D), 
RSP3  (E),  RPL9  (F),  LAPTM5  (G),  and  elF4E  (H)  is  shown  for  human  stromal  samples  from  the 
GSE9014  dataset. 
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Supplemental  Experimental  Procedures 

Materials 

Reagents  were  obtained  from  the  following  sources:  Antibodies  to  KEAP1,  actin,  and  HRP- 
labeled  anti-mouse  were  from  Santa  Cruz  Biotechnology.  Antibodies  to  phospho-T389  S6K1, 
phospho-T37/46  4EBP1,  phospho-Smad2-S465/467,  HRP-labeled  anti-rabbit  secondary 
antibody  and  rapamycin  were  from  Cell  Signaling  Technology.  Antibody  to  Ki-67  was  from 
ThermoScientific.  Antibody  to  BrdU  was  from  Millipore.  Antibody  to  c-Myc  [Y69]  was  from 
Abeam.  Collagen,  Matrigel,  invasion  chambers,  NuSerum  and  antibody  to  human  p62  were  from 
BD  biosciences;  Antibody  to  murine  p62  was  from  ThermoScientific.  TGFp  and  murine  IL-6  was 
obtained  from  PeproTech.  FLAG  antibody,  Butylated  hydroxyanisole  (BHA),  Gluthatione  Ethyl 
Ester  (GEE),  torinl,  testosterone,  methanol,  chloroform,  norvaline,  5-bromo-2’-deoxyuridine, 
and  the  glutathione  assay  kit  were  from  Sigma  Aldrich.  TGFp  inhibitor,  SB431542  was  from 
StemRD.  DMEM  and  fetal  bovine  serum  were  from  Hyclone;  X-tremeGENE  and  Dnase  were 
from  Roche.  OneComp  ebeads,  antibodies  CD31-FITC  (clone  390),  CD45-FITC  (clone  30-F11), 
Terl  19-FITC  (clone  TER-119),  Sca-1-APC  (clone  D7),  CD49f-PE  (clone  eBioGoH3),  and  TGF 
beta  ELISA  Ready-SET-GO  were  from  eBioscience.  aSMA  was  from  DAKO.  Trypsin,  Insulin 
and  collagenase  were  from  Gibco.  Crystal  violet  and  10%  formalin  were  from  Fisher  Scientific. 
RNeasy  RNA  extraction  kit  was  from  Qiagen.  High-Capacity  cDNA  reverse  transcription  kit  was 
from  Applied  Biosystems.  iTaq  Universal  SYBR  green  supermix  was  from  Biorad. 
NADP/NADPH  quantification  colorimetric  kit  was  from  Biovision.  CM-H2DCFDA  was  from 
Molecular  Probes.  Alexa  Fluor  488  tyramide  signal  amplification  kit  was  from  Life  Technologies. 

Cell  Culture 

HEK293T  and  PC-3  were  from  American  Type  Culture  Collection  (ATCC).  PNT2  was  obtained 
from  Sigma.  The  Myc-CaP  cell  line  was  a  generous  gift  from  Dr.  Charles  Sawyers. 
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WT  and  p62  KO  stromal  prostate  fibroblasts  were  isolated  from  mouse  prostate,  as  described 
previously  (Tuxhorn  et  al.,  2002).  Murine  TRAMP-C2Re3  cells  were  previously  described  (Olson 
et  al.,  2006).  Stromal  prostate  fibroblast  cells  were  cultured  in  Dulbecco’s  modified  Eagle’s 
medium  (DMEM)  supplemented  with  5%  (vol/vol)  fetal  bovine  serum  (FBS),  5%  (vol/vol) 
NuSerum  IV,  1%  glutamine,  1%  penicillin-streptomycin,  0.01  pM  testosterone,  and  25  pg  ml-1  of 
insulin,  in  an  atmosphere  of  95%  air  and  5%  C02at  37°C.  Cells  were  stimulated  with  inhibitors 
(rapamycin,  100  nM;  torinl,  100  nM;  SB431542,  10  pM)  or  antioxidants  (BHA  [100 
GEE  [0,  2.5,  5.0,  10  mM])  for  12  h. 

Mammalian  Lentiviral  shRNAs  and  Retroviral  Transduction 

pWZL-Hygro  (Addgene  plasmid  18750,  donated  by  Scott,  L),  pWZL-Blast-Myc  (Addgene, 
plasmid  10674)  (Boehm  et  al.,  2005),  FLAG  pLJMI  RagB  99L  (Addgene,  plasmid  19315) 
(Sancak  et  al.,  2008),  TRC  lentiviral  shRNA  targeting  murine  c-Myc  (TRCN0000234923)  was 
obtained  from  Sigma  Aldrich.  TRC  lentiviral  shRNA  targeting  murine  IL-6  (TRCN0000067548) 
was  obtained  from  OpenBioSystems,  Thermo  Scientific.  Actively  growing  HEK293T  cells  were 
co-transfected  with  shRNA-encoding  plasmids,  psPAX2  (Addgene,  plasmid  12260)  and 
pMD2.G  (Addgene,  plasmid  12259)  packaging  plasmids  using  X-tremeGENE  transfection 
reagent.  For  retroviruses,  pWZL-encoding  plasmids  were  transfected  into  actively  growing 
Phoenix  cells  with  X-tremeGENE  transfection  reagent  to  produce  viral  particles,  which  were 
used  to  infect  cells.  Virus-containing  supernatants  were  collected  48  and  72  hr  post-transfection 
and  filtered  to  remove  cells.  Target  cells  were  infected  in  the  presence  of  8  pg  ml'1  polybrene. 
Cells  were  selected  with  puromycin,  hygromycin,  or  blasticidin  after  infection. 


□M]  and 
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Gene-expression  analyses 

RNA  was  isolated  using  RNeasy  mini  kit  from  Qiagen  (Valencia,  USA).  Total  RNA  (1  pg)  was 
reverse-transcribed  using  the  High-Capacity  cDNA  Reverse  Transcription  Kit  (Applied 
Biosystems).  Quantitative  real-time  PCR  was  performed  using  iTaq  Universal  SYBR  green 
supermix  (Biorad)  on  a  Biorad  CFX96  detection  system.  PCR  primers  were  designed  using  the 
online  primer  tool  Primer3  and  purchased  from  Integrated  DNA  Technologies.  18S  was  used  as 
the  housekeeping  gene  for  normalization,  with  a  melting  curve  performed  after  each  reaction. 

Histological  analysis 

Excised  prostates  were  fixed  in  10%  formalin,  dehydrated,  and  embedded  in  paraffin.  Samples 
were  sectioned  at  5  pm  and  subjected  to  staining  with  hematoxylin  and  eosin.  For 
immunohistochemistry,  samples  were  dewaxed  and  stained  with  anti-aSMA  (clone  1A4,  1:400 
dilution),  with  a  ready  to  use  anti-Ki-67  (1:10  dilution),  or  with  anti-BrdU  (clone  PRB-1,  1:200 
dilution).  Secondary  biotinylated  antibody  and  ABC  complex  (Vectastain  Elite,  Vector  Labs) 
were  used  for  detection  following  manufacturer’s  instructions.  Human  prostate  tissue 
microarrays  (TMA)  were  obtained  from  US  Biomax.  This  study  had  Institutional  Review  Board 
exempt  status  due  to  de-identification  of  the  human  samples.  TMA  were  stained  with  anti-p62. 
TMA  slides  were  scanned  and  imaged  using  the  Scanscope  XT  system  (Aperio)  and  Aperio 
ImageScope  software,  respectively.  The  scoring  of  staining  intensity  was  done  by  a  pathologist 
(E.C)  in  a  blinded  fashion.  For  immunofluorescence,  sections  were  deparafinized  as  described 
above  and  incubated  with  anti-p62  antibody  (1:100)  overnight  at  4°C.  Alexa  Fluor  488  tyramide 
signal  amplification  kit  for  p62  antibody  was  used.  Stained  sections  were  examined  under  an 
inverted  laser  scan  microscope  (LSM  710  NLO,  Zeiss,  Germany). 
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FACs-sorted  murine  stromal  isolation 


Prostates  from  12-week-old  mice  were  harvested  and  dissected.  Prostate  cell  isolation  has 
been  described  previously  (Lukacs  et  al.,  2010).  Cells  were  stained  with  fluorescently  labeled 
lineage  markers  (CD31-FITC,  CD45-FITC,  and  Terl  19-FITC),  CD49f-PE,  and  Sca-1-APC. 
Unstained  prostate  cells  were  used  as  the  control  to  set  the  background  fluorescence.  Single¬ 
color  stained  OneComp  ebeads  (eBioscience)  were  used  for  FACS  Aria  cell  sorter  equipment 
compensation.  FMO  compensations  were  also  performed.  Stromal  cells  were  sorted  at  4°C 
into  FACS  Collection  media  using  the  FACS  Aria  cell  sorter  and  FACS  Diva  software  (BD 
Biosciences).  Stromal  cell  fractions  were  sorted  based  on  the  Lin',  Sca-1+,  CD49f'  profile. 

Determination  of  ROS  Levels 

Cells  were  washed  once  with  warm  PBS  and  were  incubated  with  10  pM  5-(and-6)- 
chloromethyl-2',7'-dichlorodihydrofluorescein  diacetate,  acetyl  ester  (CM-H2DCFDA,  Molecular 
Probes)  in  warm  PBS.  After  30  min  at  37°C,  cells  were  washed,  trypsinized,  and  re-suspended 
in  PBS.  Detection  of  ROS  levels  was  carried  out  through  flow  cytometric  analyses  using  a  FACS 
Canto  flow  cytometer  (Becton-Dickinson)  with  FlowJo  software  (BD  Biosciences). 

Measurement  of  NADPH/NADP  ratio  and  GSH  intracellular  levels 

Fibroblast  cells  were  washed  with  cold  PBS  and  extracted  with  NADP/NADPH  extraction  buffer. 
Quantification  was  carried  out  using  the  NADP/NADPH  quantification  colorimetric  kit  (Cat.  No. 
K347-100,  BioVision)  according  to  the  manufacturer’s  protocol.  GSH  was  measured  using  the 
Glutathione  Assay  Kit  (Cat  No.  CS0260,  Sigma  Aldrich).  The  plate  reader  was  set  to  412  nm 
with  kinetic  reads  at  1  min  intervals  for  5  min.  At  least  three  independent  measurements  were 
carried  out. 
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ELISAS 


Culture  supernatants  were  harvested,  clarified  by  centrifugation,  and  frozen  for  the  subsequent 
determination  of  IL-6  concentration  by  enzyme-linked  immunosorbent  assay  (ELISA)  according 
to  the  manufacturer's  instructions  (BD  Bioscience).  TGFpDlevels  in  culture  supernatants  were 
quantified  using  the  Human/Mouse  TGF  beta  1  ELISA  Ready-SET-Go!  (eBioscience). 

Invasion  Assay 

PCa  cells  (5  x  104)  were  plated  onto  8  pm-pore  Matrigel  Invasion  chambers  (BD  Biosciences)  in 
24-well  plates.  Conditioned  media  from  WT,  p62  KO,  IL-6  KO,  p62/IL-6  DKO,  p62/IL-6  DKO  + 
IL-6,  WT  shNT,  p62  KO  shNT,  p62  KO  shlL-6  fibroblasts  were  added  to  the  lower  chamber  as  a 
chemoattractant.  Cells  were  allowed  to  invade  for  22  hr  at  37°C.  Non-invading  cells  in  the  upper 
surface  were  removed  and  those  on  the  lower  surface  fixed  in  methanol  and  stained  with  crystal 
violet.  Cells  in  at  least  five  randomly  selected  fields  from  each  of  three  experiments  were 
counted. 

Co-culture  invasion  assays 

Invasion  assays  were  performed  as  described  above  with  a  few  modifications.  WT  shNT  or  WT 
shMyc  fibroblast  (7.5  x  104)  were  seeded  in  TC-treated  24-well  plates  and  allowed  to  attach  for 
6  hr  before  PCa  cells  were  seeded  on  top  of  the  invasion  chamber.  The  chamber  was  then 
placed  in  the  pre-seeded  24-well  plate.  Invasion  was  quantified  after  22  hr. 

Organotypic  cultures 

3D  air  liquid  organotypic  culture  cultures  have  been  used  extensively  in  skin  (Gaggioli  et  al., 
2007),  esophageal  (Okawa  et  al.,  2007),  pancreas  (Coleman  et  al.,  2014),  colon  (Henriksson  et 
al.,  2011),  breast  (Chioni  and  Grose,  2012)  and  more  recently  in  prostate  cancer  (Kim  et  al., 
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2013),  to  determine  the  mechanisms  of  tumor  invasion  and  the  role  of  the  stromal  compartment 
(Chioni  and  Grose,  2008).  To  study  the  interaction  between  the  prostate  cancer  cells  and 
surrounding  stroma  to  impact  cancer  cell  proliferation  and  invasion,  a  3D  air  liquid  organotypic 
culture  was  set  up  as  previously  described  (Kim  et  al.,  2013)  (Coleman  et  al.,  2014).  Briefly, 
gels  were  composed  of  one  ml  of  a  mixture  of  1.75  volumes  of  Matrigel,  5.25  volumes  of 
collagen  type  I,  1  volume  of  lx  DMEM,  1  volume  of  lOx  DMEM,  and  1  volume  of  filtered  FBS. 
The  mixture  was  plated  onto  24-well  plates  coated  with  diluted  collagen  type  I.  Gels  were 
allowed  to  equilibrate  with  1  ml  of  lx  DMEM  overnight  at  37°C.  5  x  105  cells  PCa  cells  and 
prostate  stromal  cells  (50:50)  were  then  seeded  on  top  of  the  matrix  as  shown  in  the  scheme 
below.  For  organotypic  cultures  with  macrophages,  whole  bone  marrow  cells  were  obtained 
from  WT  and  p62  KO  mice  and  differentiated  as  previously  described  (Lee  et  al.,  2010). 
Differentiated  macrophages  were  embedded  into  the  organotypic  gels  and  PCa  cells  were 
seeded  on  top  of  the  gel.  Gel  rafts  were  placed  onto  collagen-coated  nylon  sheets  and  lifted 
using  a  sterile  supporting  steel  mesh  to  set  up  a  raised  air-liquid  culture.  Normal  medium  was 
changed  in  alternate  days  and  organotypic  cultures  were  allowed  to  grow  for  14  days. 
Afterwards,  organotypic  gels  were  harvested,  fixed  in  10%  neutroal  buffered  formalin,  bisected 
and  embedded  in  paraffin.  H&E  stained  sections  were  analyzed  with  a  Zeiss  light  microscope 
supplemented  with  Axiovision40  software.  Quantification  of  the  invasion  assays  was  performed 
as  described  previously  (Nystrom  et  al.,  2005)  using  ImageProPlus  software. 


Prostate  Cancer  cells  CE> 


Prostate  Stromal  cells 


Collagen  I  +  Matrigel  matrix 


Media 


Supporting  steel  mesh 


Schematic  representation  of  air-liquid  organotypic  cultures 
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In  vivo  orthotopic  tumor  assay 

Murine  TRAMP-C2Re3  prostate  carcinoma  cells  (5  *  104)  were  injected  orthotopically  into  the 
prostates  of  WT,  p62  KO,  and  p62/l L-6  DKO  mice  and  harvested  after  60  days,  as  previously 
described  (Olson  et  al. ,  2006). 

Xenograft  experiments 

Cell  mixtures  (1  x  106  cells)  of  equal  ratios  of  PCa  cells  with  fibroblasts  in  a  100  pi  of  BD 
Matrigel  (BD  Biosciences)  were  injected  into  the  flanks  of  WT  mice.  Tumors  were  allowed  to 
grow  for  6  weeks.  Tumor  volume  was  measured  every  week. 

Metabolic  Extraction 

For  labeling  experiments,  2  x  105  cells  were  seeded  in  6-well  plates.  After  16  hr  of  incubation, 
cells  were  washed  with  PBS  and  incubated  with  DMEM,  10%  dialyzed  serum,  and  either  4  mM 
[U-13C5]glutamine  and  25  mM  unlabeled  glucose  or  [1 ,213C2]glucose  and  unlabeled  glutamine. 
Spent  medium  from  labeled  cells  was  collected  and  analyzed  for  glucose,  glutamine 
consumption,  and  lactate  production  using  the  YSI2950  analyzer.  Cells  were  rinsed  in  ice-cold 
saline  solution,  and  then  ice-cold  100%  HPLC-grade  methanol  was  added  to  the  cells.  An  equal 
volume  of  water  containing  norvaline  as  standard  was  added  to  the  plate.  Cells  were  scraped 
and  mixed  with  ice-cold  chloroform.  Samples  were  vortexed  for  10  min  at  room  temperature  and 
centrifuged  at  3000  g  for  10  min.  Polar  metabolites  were  separated  and  evaporated  in  a 
refrigerated  vacuum  centrifuge. 
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Derivatization,  gas  chromatography/mass  spectrometry  (GC/MS)  analysis,  and  flux 
calculations 

Polar  metabolites  were  derivatized  to  form  methoxime-tBDMS  derivatives  by  first  dissolving  the 
evaporated  samples  in  20  pi  of  2%  (w/v)  methoxylamine  hydrochloride  (MP  Biomedicals,  OH)  in 
pyridine  and  incubating  at  37°C  for  60  min.  Samples  were  then  silylated  by  addition  of  30  pi  of 
N-tertbutyldimethylsily-N-methyltrifluoroacetamide  (MTBSTFA)  with  1%  tert- 
butyldimethylchlorosilane  (TBDMCS)  (Regis  Technologies,  IL)  and  incubated  at  37°C  for  45 
min.  Samples  were  centrifuged  at  14,000  rpm  for  5  min  and  clarified  supernatant  was 
transferred  to  GC  sample  vials  for  analysis.  Derivatized  samples  were  analyzed  by  GC-MS 
using  a  DB-35MS  (Agilent  J&W  Scientific)  installed  in  an  Agilent  7890A  GC  interfaced  with  an 
Agilent  5975C  MS  operating  in  electron  impact  mode  scanning  over  the  range  100-650  m/z.  The 
GC  method  and  metabolite  peaks  used  for  integration  have  been  previously  described 
(Grassian  et  al. ,  2011)  (Metallo  et  al. ,  2012).  Uptake  and  secretion  fluxes  of  glucose,  glutamine, 
and  lactate  were  then  calculated  using  an  exponential  growth  model.  PPP  flux  was  determined 
by  multiplying  lactate  secretion  flux  by  the  ratio  of  Ml  to  M2  lactate  labeled  from  [1,2- 
13C2]glucose  as  described  above. 

Array  and  Gene  Set  Enrichment  Analysis 

Microarray  studies  were  performed  in  the  Genomics  and  Microarray  Laboratory  at  the 
Department  of  Environmental  Health,  University  of  Cincinnati  Medical  Center.  Briefly,  total  RNA 
was  extracted  from  six  independent  orthotopic  tumors  from  WT  and  p62  KO  mice  and 
hybridized  on  Affymetrix  mouse  ST  1.0  microarrays.  Scanning  of  the  images  and  the  first  pass 
processing  of  probe-level  fluorescence  intensities  was  performed  using  the  Microarray  Suite  5.0 
software  (MAS  5.0;  Affymterix,  Santa  Clara,  CA).  The  data  was  normalized,  and  the  calculation 
of  the  gene-specific  summary  measures  was  performed  by  the  robust  multi-array  average 
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(RMA)  procedure  (Irizarry  et  al.,  2003)  based  on  the  Entrez  gene-centric  probe  set  definitions 
provided  by  the  University  of  Michigan  “brainarray”  group  (Dai  et  al.,  2005).  Statistical 
significance  of  genes  differentially  expressed  between  WT  and  p62  KO  orthotopic  tumors  were 
assessed  using  Empirical  Bayes  linear  model  (Sartor  et  al.,  2006).  Gene  set  enrichment 
analysis  was  performed  using  GSEA  v2.0.14  software 

(http://www.broadinstitute.org/gsea/index.isp)  with  5000  gene  set  permutations  using  the  metric 
Signal-to-Noise  ratio  (S2N)  and  the  collection  C5.bp.v3.1  .symbols  or  C2. all. v4.0. symbols 
(Subramanian  et  al.,  2005Subramanian  et  al.,  2005).  Probe  sets  were  collapsed  using 
MoGene_1_0_st.chip.  Meta-analyses  to  identify  overlapping  and  associated  genes  with 
publically  available  data  set  were  performed  using  the  NextBio™  (NextBio,  Cupertino,  CA)  on¬ 
line  search  engine  (www.nextbio.com).  Differentially  expressed  genes  were  further  analyzed 
with  the  Ingenuity  Pathways  Analysis  program  (http://www.ingenuity.com/index.html). 
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